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EDITOR'S INTRODUCTION 


Invertebrate Paleontology is a new book on an old subject which, with its 
sister discipline of stratigraphy, is again coming into at least a part ol the 
prominence it once enjoyed. Prior to the advent of geophysical prospecting 
in the early the average field geologist was regarded as inadequately 

trained if he were no! something of a strati graphical paleontologist. Now 
after about a quarter century of strong emphasis on the physical sciences as 
the supporting subjects in the education of a geologist, die biological and 
stratigraphies I aspects of his training, in both the laboratory and in the field* 
are also taking on renewed significance. For this practical reason, as well as 
for many more scientific ones, the present text should pmvc an especially 
useful tool in the broad education of a modern earth scientist whatever his 
special interests or future assignments. 

This book has been organized in such a fashion that the student who has 
had little or no formal biological training can nevertheless clearly grasp the 
important biological implications of the subject. Moreover, even the well- 
trained biologist may have his experience slightly enlarged through a dose 
perusal of Easton’s text, for in it he will find considerable information about 
the ancient ancestry and the extinct representatives of many of the living 
end products in whose study he may be engaged. There are, of course, a 
number of good American and foreign books on paleontology which provide 
the student with similar information. For the most part, however, the earlier 
works on the subject are either too condensed for effective use in semi- 
advanced collegiate courses or they are compendia somewhat too detailed 
for effective use as routine texts. Invertebrate Paleontology not only is dif¬ 
ferent in organization from earlier works on paleontology, but it also has 
been designed to occupy a position intermediate between elementary texts 
and advanced treatments of the subject. 

This text is an orderly work in that a bold scaffolding stands out prom¬ 
inently in each chapter. Thus even the casual student will find litile dltli- 
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cuky in noting the essential facts regarding any or all of the invertebrates 
which have been incorporated in the fossil record. When taxonomic cate¬ 
gories are used in their precise sense the word Genus* and all higher taxa, 
are capitalized. Moreover, standardized terminations for names of all the 
taxa from Subfamily to Superorder have been used in the hope that* as a 
result, students wilt more readily recognize the taxonomic status of many of 
the numerous names that must be employed. 

For most of the major groups of invertebrates which arc of some signifi¬ 
cance as fossils Dr, Easton has prepared “keys" which arc constructed on 
simple, down-to-earth bases so that the student actually can use them readily 
and with profitable results. This is tn itself refreshing because many keys 
tend to lock more doors to understanding than they opcm 

A short list of questions has been inserted near the end of each chapter. 
They are designed to entice both instructor and student to think about the 
real meaning of the chapter's facts and figures. In effect then they tend to 
magnify the significance of both theoretical and practical considerations and 
to play down the emphasis on memorizing names and terms which has 
plagued most courses in paleontology. 

The bibliographies are not exhaustive, hut are sufficiently extended that 
they should provide the average student with adequate materials for high- 
level term papers; and they will give the young research worker clues as to 
where next to search. 

The style of the present text in part results from actual classroom and 
laboratory experience at the University of Southern California where, for a 
number of years. Dr. Easton has been testing materials and methods of 
presentation. The organization is also a result of the authors broad pro¬ 
fessional experience for Dr, Easton is not only an , 'acadcmie ,|,, paleontologist, 
he is also an experienced field geologist and stratigrapher who has had op¬ 
portunities to test paleontological principles and theories in many detailed 
field studies. Just prior So publication of this book the author was further 
enlarging his experience as a Guggenheim Fellow in England and France. 

The reader may correctly judge that the editor has a particular interest in 
this present book in the Harper s Geoscience Series, This results not alone 
from the fact that Dr. Easton is a former student and that the subject itself 
is one which the editor has taught for many years. The editorial interest 
stems chiefly from the fact that the text is so well organized that it should 
help to make his own teaching tasks simpler. Other instructors concerned 
with paleontology and stratigraphy will, we hope, react similarly. 

Caret Cjloneu 


Tkc Rice Institute 
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Hit reception which people accord paleontology is somewhat analogous 
io their taste for kidney pie—there is cither evangelical enthusiasm or case- 
hardened resistance, and there is very little uncommitted opinion. It has been 
my experience that people in general arc most interested in paleoruologic 
matters when fossils are presented as integral parts of actively changing situa¬ 
tions, These vital istic approaches are ;ipt to generate enthusiasm among most 
students as well as among professional physical geologists and petroleum 
engineers* not ail of whom are necessarily appreciative of the values of 
paleontology. On the other hand, detailed factual data on the anatomy, 
classification* and stratigraphic distribution of fossils are most earnestly 
sought by professional paleontologists and by advanced students who arc 
already imbued with an interest in paleontology. For practical reasons, every 
geologist should be able to recognize the principle groups of invertebrates, to 
collect fossils intelligently for identification by specialists* and to understand 
and evaluate pakontolngic reports. 

It is a challenge io try tq flavor the technical details in a systematic subject 
with continuity and interest. Various approaches to the problem were tried 
in paleontology classes at the University of Southern California over the 
past ten years* and then the methods selected for incorporation in this text 
were tested in lectures for two more years while modifications were being 
made in the manuscript. The book is planned for courses offering as much 
as one year of training, but the material should be equally adaptable to two- 
semester and to two- or three-quarter courses. It ts assumed that students 
will have ai least junior standing and that they will have studied Physical 
Geology* Historical Geology, and possibly Mineralogy, h would be com¬ 
mendable if all students nf elementary paleontology also had studied Organic 
Evolution and Genetics, as well as General Zoology, but the realities of our 
educational system make it difficult to enforce such prerequisites, 
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The first chapter provides readers with a condensed review of some basic 
concepts in biology, zoology, and paleontology. In addition, it contains some 
controversial (and even some older discredited) ideas which are pertinent 
to an understanding of pak-ontologic thought, even though the ideas cannot 
be classed as basic. Considerable effort has been devoted to correlating the 
text of subsequent chapters with factors presented in the first chapter. 

Subject matter in the remainder of the book is taken up systematically 
according to customary biologic classification- Students who are expected 
to learn, the classification will find their task simplified because uniform 
endings arc used for all taxa up through Superorders. Definitions and il¬ 
lustrations clarify the nature and limits of each taxon. In some sections 
morphologic information and illustrations arc sufficient for readers to evalu¬ 
ate differences even at the generic and specific levels. In general, however, 
the presentation concerns arrangement of fossils in stratigraphic succession, 
or growth stages, or arbitrary morphologic series, nr environmental adapta¬ 
tions, or their probable evolutionary progression. Only enough morphologic 
and zoo logic in formal ion is presented in the systematic chapters to enable 
identification of members of [he group nr to enable recognition of one of 
the patterns of change in the group. Each of the foregoing patterns or series 
is not presented for each group. Instead, a particular scries is utilized when 
an illuminating example of it is known. The amount of space allocated 
to the various systematic groups is governed in part by their usefulness in 
field Work and by their suitability as teaching aids. For example, more spice 
is devoted to forttminifers and brachiopods and less is devoted to sponges and 
cystoids than would be warranted by their relative taxonomic rank and their 
evolutionary significance. 

Students of elementary paleontology commonly learn detailed stratigraphic 
ranges of fossils at the expense of more general paleontologic information. 
In view of this tendency, practically all stratigraphic information has been 
reduced to names of Systems for the Paleozoic and Mesozoic rocks and of 
Series for the Genomic rocks. Geologic ranges of fossils are illustrated with 
very simple abundance diagrams which are superimposed upon identical 
geologic time scales. It is hoped that the diagrams will promote greatest 
Mention of the geologic significance of different fossils through simplified 
graphical presentation. 

illustrations have been selected not only for their morphologic value but 
also to depict common species torn various geologic provinces in Nor[h 
America. Moreover, most of these species arc readily available through pur¬ 
chase or exchange; therefore the illustrations can be utilized to advantage in 
laboratory work. It is hoped that citations of fossils from numerous states 
and provinces will impress readers with the feasibility of making collections in 
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their own regions. Some soft-bodied organisms are illustrated so that readers 
may associate descriptive comments with actual forms, even within 
paleontologically unimportant groups. 

Except for a few bryozoans* all previously published illustrations have 
been redrawn for purposes of clarity and uniformity. In many instances 
missing parts have been restored and imperfections have been omitted. Spc- 
cial effort has been expended to integrate the illustrations with the text. 
The source of each iJlustration is credited in appended explanations. 

We are born into this world knowing nothing, and almost everything we 
do know has been learned from others. Having completed this book, the 
writer feels a great sense of indebtedness to all those whose ideas are tran¬ 
scribed herein. The works of many paleontologists arc listed at the ends of 
the chapters, but additional contributions surely lie buried within the text, 
unintentionally lacking acknowledgment. In this latter category are ideas de¬ 
rived from others with whom 1 have shared wonderful days in the field 
and in the laboratories of many places, ft has been my good fortune to 
work with many paleontologists of different professional inclination, who 
find their tailing variously at universities, museums, exploration departments 
of oil companies, and state and federal geologic surveys. It would be gratify¬ 
ing if present and former associates were to recognize some of the fruits of 
our association in this book. 

It is a pleasure to acknowledge the constructive criticism of various parts 
of the manuscript by Dr. Orville L. Handy of the University of Southern 
California and Dr. Daniel ]. Jones of the University of Utah* It ts especially 
pleasant to acknowledge the assistance of Dr. Carey Croneis of The Rke 
Institute,, for Dr. Croneis not only served as mentor during my student years* 
but has been the principal critic in the writing of this book. He read the 
entire manuscript and offered numerous suggestions for improvement of its 
style and content. 

Information or assistance has been kindly furnished by Dr. C. H. Crick- 
may of Imperial Oil Limited, the late Dr, C. E. Decker of the University of 
Oklahoma, Dr. S. R Ellison of the University of Texas, Dr* J, J. Galloway of 
Indiana University, Dr, J. S. Garth and Dr. Olga Hartman of Allan Han¬ 
cock Foundation Dr. N, T- Mattox of the University of Southern California, 
Dr. M + G, Me hi of the University of Missouri, the Jate Dr, J. B. Recsidc of 
the U«3* Geological Survey, and Mr. F. C. Ziescnhenne of Allan Hancock 
Foundation. 

Special thanks arc due Mrs. Dorothy M. Halmos* Librarian of Allan Han¬ 
cock Foundation at the University of Southern California, and to her staff. 
The courteous and dedicated services of these librarians made a pleasure out 
of normally onerous bibliographic work. Moreover, the writer greatly ap- 
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predates having permission to use the remarkable library of the Allan Han¬ 
cock Foundation* Had it not been for the unique collection in this library , 
this book would most certainly noi have been written. 

About 400 illustrations of brachiopodsj molluscs, and arthropods are the 
work of Mr. Gerhard Bakker* Jr., of Los Angeles City College, Mr, Bakker's 
drawings reflect his training as a biologist as well as his skill as an artist and 
his sensitiveness to the qualifications of illustrations intended for teaching. 

Finally* the writer wishes to relieve his benefactors of any responsibility 
for errors which he may have inserted in this book. The cooperation of 
readers is earnestly invited in order to eliminate faults. 

W. H. Easton 

December, 1959 
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INTRODUCTION 


A Cro-Magnon man who was buried 20,000 years ago with a string of 
Jurassic snails about his neck may rank not only as the first paleontologist 
but also as the first known scientist of any kind. Since Iies time^ fossils have 
been noted by pre-Christian writers and by later men down through the 
ages* but the science of paleontology as a modern discipline dates only from 
about the middle of the nineteenth century. By that time the naturalists had 
described an abundance of fossils, and Darwin had suggested a rational 
explanation for the orderly and progressive changes of faunas through time. 

Paleontology in its broadest sense is the study of all ancient life, but it is 
currently customary to speak uf the study of plants as paleobotany and to 
refer to the study of animals as paleontology. Some purists correctly use 
paleozoology for the latter field and relegate paleobotany and paleontology 
to the position of subsidiary fields of paleobiology. Vertebrate paleontology 
and invertebrate paleontology are commonly differentiated as distinct fields. 
Moreover, the study of fossil foraminifers and of some other small fossils is 
widely referred to as micropaleomology, Indeed,, the most enthusiastic stu¬ 
dents of foraminifers arc apt to consider the words “paleontology 11 and 
‘"mkropakcntology" as synonyms. The variation spelled “palaeontology" 
with a second "a™ reflects continental influence and is rarely used in America. 
Finally* the study of plant spores, which may be undertaken as an adjunct 
of micropalcontobgy, is palynology. 

Paleontology is dependent upon zoology for an understanding of fossils as 
parts of living, feeding, moving, reproducing organisms. Zoologists and 
paleontologists both face profound dilemmas. Zoologists can test genetic re* 
Latioitships of species, but they cannot test the actual succession of forms be¬ 
cause ancestors and descendants live at the same time- Paleontologists, on the 
other hand, can observe successions of forms but cannot test fundamental 
biologic relationships because fossil material lacks living tissues. When pale¬ 
ontologists and zoologhu work in harmony, however, their studies are com- 
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plcmentary. When no living organism resembles a fossil, as in the case of 
conodonts, controversies arise concerning the zoobgic relationships- of the 
fossils. 

The study of adjustment of creatures to their environment is ecology, Re¬ 
cently it has become popular to speak of Geologic studies of fossil organisms as 
paleoecology because this tvord emphasizes the geologic significance of studies 
tn which some life relationships are not represented. 

As E. O, Ulrich once wrote, “Systematic paleontology without a strati¬ 
graphic basis is regarded as an absurdity ; hence, most paleontologists are al¬ 
most equally interested in the aspects of physical geology which comprise 
stratigraphy. By knowing the sequence of sedimentary units which contain 
fossil faunas it is possible to establish ranges of those faunas through intervals 
of time. By accumulating enough information about stratigraphic ranges, a 
trained paleontologist becomes able to reverse the procedure and to identify 
stratigraphic and time units from the fossils which they contain. Even though 
a student geologist may not become a professional paleontologist, he wilt 
have to associate with paleontologists in stratigraphic work and to appreciate 
the problems encountered by paleontologists. Accordingly, this book is 
planned as an introduction to the once living organisms which paleontologists 
sLudy, the methods used, and the advantages and limitations of various cate¬ 
gories of fossils. These pal eon to logic factors in most cases are absolutely 
necessary in determining age relationships of sedimentary rocks; therefore, 
wc may paraphrase Ulnch’s maxim and say, “Stratigraphy without pale¬ 
ontology is an absurdity." 

VALUE OF FOSSILS 


Fossils provide the basis for four major lines of study. First, they arc part 
of the physical stratigraphic record because they provide much of the sub¬ 
stance which makes up sediment. Most commonly, entire or broken shells 
are scattered through some sedimentary matrix such as sand or mud. In 
some cases fossils make up entire stratigraphic units composed of mounds or 
of layers of shells. If fossils are broken up finely enough, their skeletons pro- 
duce the grains of calcium carbonate from which many limestones were 
formed. Detailed study of the foregoing matters generally is undertaken by 
petregraphers and by students of sedimentation. 

Second, fossils enable one to recognize environments of sedimentation in 
cases where one can compare fossil remains with Jiving relatives. This subject 
is treated briefly under a section on environments (pp. zfl-31). 
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Thirty fossils arc the major bases for recognizing units of time in the geo- 
logic record. The proper concept of time is probably the most valuable con¬ 
tribution which paleontology offers to physical geology and to the biologic 
sciences. The simplified geologic lime scale used hereafter in this book is 
shown in Figure i*[. 

Fourth, of almost equal importance in biology is the succession of extinct 
creatures which record the passage of time. Fossil organisms fill in many gaps 
in the evolutionary record. Moreover, it is only by understanding something 
of the relationship of creatures to time that evolutionary changes in lineages 
can be assigned rate and duration. Time is one factor which cannot be used 
in sufficient amounts by zoologists tn test how descent operates among 
living creatures; but changes in the fossil record are readily referable to 
units of time, 

COMPOSITION OF THE ANIMAL KINGDOM 

When someone embarks upon a new project, he needs to have some idea 
of how large a subject he faces and what its general composition is. Thus, a 
potential paleontologist presumably would like to know how many animals 
arc available for study and how many of these comprise the mater sals of the 
science of paleontology. At least three major evaluations of the composition 
of the Animal Kingdom may be made. One can count the number of living 
species and add to them the number of extinct Specks which have actually 
been described thus far; or one can estimate the total number of species in 
the world, knowing how many have been described and the rate of new 
discovery- or one may estimate the volume of living material assignable to 
different species or to larger groups. All three of these approaches are beset 
with such difficulties that most tabulations of the composition of the Animal 
Kingdom are extremely inaccurate. For one thing, new species of insects, 
worms, and protozoans are being discovered so rapidly that they seem to be 
destined to exceed the other groups in numerical tabulations of names just as 
they apparently do volumetrically in nature. It has been guessed that as many 
as ^OGOiOGOpOOO different species of animals and plants have evolved since the 
dawn of life. Data presented in Table i indicate that about 1,135,000 series 
of animals alone have been described hy scientist*; and about 11 per cent 
(130,000) of the animals which have been described are extinct. It is probable 
that the paleontologic record ultimately will contain about 500,000 species of 
animals when descriptive work b essentially completed. It is likely that most 
of the vertebrates and most of the larger hard-shelled invertebrates have 
already been described. No doubt descriptive work on small fossils and on 
new collections will continue to occupy paleontologists for gene rations while 
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Table 1 . Composition of the Animal Kingdom 




Number of Species 


Per Cl m 

Ofrtip 

Urine 

Extinct 

TcliI 

With Hind Specif in 
Fiirti Grand Tout 

Protozoa 

27,000 

9,000 

36,000 

29,000 

3.2 

Porifera 

2,240 

1,760 

4,000 

3+300 

0.4 

Codenterata 

9, >00 

4,500 

14,000 

10,700 

1.2 

Worms 

36,000 

1.000 

37,000 

10,000 

3.3 

Bryozca 

3,050 

3,000 

6,050 

5,3'00 

0.3 

Brachiopoda 

225 

15,000 

15,225 

15.225 

L3 

Mollusc* 

81.150 

40,400 

121,550 

121.000 

10.7 

Gastropod* 

69,000 

15,000 

84.000 

83£QO 

7.4 

Pelecypoda 

Cephalopoda 

11,000 

15,000 

26,000 

26,000 

2,3 

300 

10,000 

10,300 

I0JO0 

0.9 

Other 

BiO 

400 

1,250 

1,000 

O.l 

Ardirqpoda 

£04,898 

16,100 

821,298 

S21,293 

72.5 

Insect* 

746.298 

12,000 

758.298 

7 58,298 

66.9 

Other 

>8,600 

4,400 

63,000 

63.QQQ 

5 6 

TchinodcrrrtJta 

5.344 

14,329 

19.813 

19,700 

1.7 

Crinoidea 

BOO 

5,000 

5,800 

3,300 

0J 

Echinoidea 

867 

7,200 

8,067 

SM7 

0.3 

SteHeroidea 

3.700 

479 

4,179 

4,179 

03 

Other 

m 

1,650 

1,767 

1,767 

0.1 

Chordata 

33,6-10 

24,360 

58,000 

36,000 

5A 

Grand totals 

1,106,749 129,749 1,132,796 

(1,105,000) (130,000) (1,135,000) 

1,091,923 

( 1 , 090 , 000 ) 

99.9 


§OVfc£‘f. : Mu*l]y imm data by MilC_ i 1:1 it ig And 1.Gi-11", 1949. Mi»f, Lsm-lfy, and UitngcE. 19JJ; 

$biQck and IV'EnhofEl' L?J3 ; Mullc* and Campbell 3?H . Pu-rJum,, I'PH , Hyman. 19*5. 


the remaining faunas arc discovered, descriptions are corrected and aug¬ 
mented* and species are split into smaller and smaller recognisable units. At 
the same lime increasing numbers of paleontologists will probably turn rn 
interpretative work in efforts to understand the evolution, habitats, and 
stratigraphic significance of known species. Enough material has been de¬ 
scribed and enough new material remains to be described so Lhat ample op¬ 
portunity exists for palecmtologic work of many kinds. 

Numerical representation of the Various Phyla of the Animal Kingdom is 
presented in Figure i.j, No doubt the most striking features of the graph arc 
that arthropods comprise 72.5 per cent of all the 1,135,000 known animals in 
the world, living and fossil, and that insects alone account for 67 per cent of 
all known species. It seems that we live in the Age of Insects, if one wishes 
to consider our position from a strictly numerical standpoint! 

Considered from a palcontologic standpoint. Figure 1.2 seems at first 
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glance to indicate a bleak prospect for research in fossil animals, for only 
about ii per cent of the known animals are extinct. Of course, thousands of 
the living species also extend back into the fossil record, some as far as the 
Pliocene or even the Miocene; but adjustments in percentages to account for 
these ancient records probably would not affect die proportions of the graph 
notably. The fact Is, however, that the fossil record of the Animal Kingdom 
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is not constructed of anything like proportionate parts of the various living 
groups, insects and worms, for instance, are rarely found as fossils, and 
relatively few of the many protozoans are fossilized. Accordingly, a fairer 
picture of the composition of the fossil record is obtained if one selects tire 
data so as to exclude those forms which have no hard parts or which are 
rarely preserved as fossils. 

Figure 1.3 depicts the proportionate composition of only the invertebrate 
groups after some arbitrary adjustments have been made in the numerical 
data in order to eliminate animals without appreciable hard parts. After 
eliminations of this sort it is dear that molluscs dominate the fossil as well as 
the living populations of invertebrates in number of species. In addition, 
brachiopods and cchinodenm are especially important paleontologically. 
Available numerical data still do nor depict palcontobgac materials realisti¬ 
cally because the graphs cannot portray how creatures are distributed m time, 
or geographically, or according to local environmental controls such as depth, 
temperature, salinity, turbulence, or sedimentary features. Criuuids* for in¬ 
stance, were diverse, abundant, and widespread in the Paleozoic, but arc 
relatively uncommon in Rccem faunas, Conversely, foramiiufcrs are tre¬ 
mendously abundant in CcnoEoic sediment^ but were only important locally 
during the Paleozoic, 

Figure 1,4 shows the general distribution of the main groups of fossils 
during geologic time. From this figure it becomes apparent that even the 
world of fossils is divisible into two parts according to the major development 
of various groups. Members of one assortment reach their peak of develop¬ 
ment during the Paleozoic Era, but members of another group dominate 
Cretaceous and Cenozmc bunas. Minor fractions of both groups, however, 
range up or dow r n into the opposite groups. 


CLASSIFICATION 

Human beings, having the ability to reason out differences among organ¬ 
isms, and wishing to pass this information along to others in intelligible 
form, have sought for over 1000 years to organize their knowledge of natural 
history. Accordingly, we recognize that even as early as the time of Aristotle 
(384-322 bjc.) a collection of descriptions was undertaken. But a collection 
without an index, or a key, nr >ome method of grouping similar things to¬ 
gether borders on the chaotic: therefore, a prime prerequisite of any collection 
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is to be arranged in some kind of orderly fashion. Classification is the arrange¬ 
ment of things in categories or assignment of things to their proper cate¬ 
gories, In common parlance we say that we are identifying or that we arc 
classifying a collection of fossils. As more and more information has become 
available over the centuries, certain procedures, rules, and practices have 
become established so that scientists speak of the process of classification as a 
distinct subdivision of biology named taxonomy. Application of the rules of 
taxonomy has enabled us to systematize our knowledge and to facilitate the 
study and utilization of collections. In any science, but most particularly in 
biologic sciences, the taxonomic process is often spoken of as systematic*. 

In this text, for instance, the subject matter is presented as systematic 
paleontology, meaning that the various groups are taken up in the order of 
their increasing complexity. Other kinds of paleomologic study could he 
based primarily upon stratigraphic, ecologic (environmental), or geographic 
considerations. 

Various kinds of classification are possible. Creatures can be grouped ac¬ 
cording to the kind of environment they occupy, such as fresh water, land, 
and the various marine depth zones. Or they can be classified by their method 
of locomotion, or by their sensitiveness to light, or by their physiologic ac¬ 
tivities. Most creatures, however, are classified according to their relation¬ 
ship to one another. These “blood relationships” are truly genetic only within 
an interbreeding population. Various sons of cats, such as lions and house 
cats, alihough they do eol interbreed, are supposedly more closely related to 
each other Lhan they are to any of the dogs; therefore, the concept of genetic 
groups is expanded to express various diminishing degrees of relationship. 
This kind of classification is termed a “natural classification” in order to 
distinguish the more or less genetic kind from some purely •'artificial classi¬ 
fication" based upon characteristics such as habitat, size, depth distribution, nr 
geographic distribution. It should be realized from the first, however, that 
no classification exists in nature. Classifications originate and exist only in 
the minds of human beings who devise them in order to communicate ideas 
to each other. Evolution is the basis of natural classification and species arc 
the building blocks of evolution. Evolution of a strain of creatures is like a 
stream of water, and species have no more reality in the stream of evolution 
than have cubic feet of water in a river. We describe a river by taking samples 
and making measurements of water over its surface and down through it. In 
like fashion we detect evolution by describing species tn the stream of life. If 
we decide that members of a group of species share some fundamental 
feature, we assign that assemblage a higher rank in the classification. It can 
be seen, then, that the degree of complexity of a classification detwnds upon 
what depth of understanding of creatures is desired. No one classification is 
right and another wrong, but instead the classifications reflect abstract 
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concepts like "good" and "bad" which change with time and custom. 

In biologic systems of classifies Lion organisms are ground into units 
(taxa, sing, taxon) of decreasing importance, starting with the great King¬ 
doms of Vegciabilia and Animat in. The Kingdom Protista is used by some 
authors for those very simple organisms near the plant-animal boundary. 
In earlier years, anoiher Kingdom, LupkUf far minerals, was recognised, as is 
shown by the fact that we still speak of “species" of minerals nr of the 
isometric Class of crystal forms. There are no roles governing the choice of 
features which determine the rank of each taxonomic category: therefore, 
all sorts of different groupings arc available according to the individual ideas 
of specialists. One may compare, for instance, an arbitrary classification of 
automobiles with equally arbitrary classifications of a human being and a 
brach toped, in which each object is referred to the same taxonomic categories. 


Ta&l£ 2< Comparative Classifications 


Taxon 

Man 

Brachiopod 

Car 

Kingdom 

Phylum 

Animal ti 

Animaha 

Machines 

Chordata 

Bradiiopodt 

Transportation devices 

Class 

Mammalia 

Articulate 

Automobiles 

Order 

Frinutida 

Tclotremida 

Gasoline-powered 

Family 

Hominidae 

Spiriferidae 

Sedans 

Genus 

Hvuio 

Spiripr 

TwO'door 

Species 

sapieas 

mmhescent 

disc wheels 

Individual 

John Jones (Social 
Security No. —} 

a specimen 
(Museum No, —) 

a car (Motor No, -—) 


The foregoing parallelism should help to establish the relative sizes of cate¬ 
gories higher than species and Genera when classifications of unfamiliar 
creatures arc presented later in this book. At the Class level, for instance, the 
differences among automobiles, airplanes, and ships arc comparable to the 
differences among mammals, birds, and fish. At the Order level the degree 
of difference between gasoline and electric cars is analogous to the degree of 
difference between primates and carnivores. And so the comparisons might 
be continued for the other categories, but someone is apt to object to the 
classification of cars used above because it ignores the manufacturers name, 
which they think should Ik placed in between ^sedans" and “gasoline 
powered" as either a Suborder or a Superfamslyj or perhaps ^sedans" should 
be raised to the rank of Suborder and "manufacturer" put in its place as a 
Family name. Far from being a flippant diversion from the subject o£ the 
development of taxonomic classifications, the foregoing remarks give an ac¬ 
curate idea of the different opinion; among biologists on the classification of 
animals and plants. As more and more iniormation becomes available, new 
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categories are erected, so that "Sub-"" this and k 'Super- 1T chat need to be aug¬ 
mented by "Sections," "Tribes/" M gens,'" and so forth. Moreover, there has 
been a persistent trend by experts in sys ternaries to raise each category below 
Phylum to an ever higher position, so that, for Instance, animals comprising 
different Classes of worms a decade or so ago are now generally referred to 
separate Phyla or Subphyla, Unfortunately, the grand differences by which a 
moderately well-informed person was formerly able to recognize a group have 
mostly been submerged in a welter of details which now seem to require ex¬ 
ceptional material* intricate technique, or superior equipment for recognition. 
Genera recognized by Linnaeus now correspond more or less to Famines and 
Orders, It seems to be a regrettable corollary of our wonderful increase in 
knowledge that the interest of many amateurs declines as technical com¬ 
plexity increases* 

Unfortunately for the newcomer to biology, he is faced with recognizing 
names of numerous taxa above the rank of Genus, but ordinarily there are 
few aids which enable him to recognize degrees of difference among the 
names. If the same endings were used for the same taxa above the rank of 
Genus, then a reader could recognize at a glance the magnitude of the cate¬ 
gory with which he is confronted. On the other hand, only a trained pale- 
ontohgm is apt to recognize Trepostoimta, Foraminifera, Sdoracunia, and 
Spatangida all as being names of Orders, because the words have different 
terminations -u, -hi, and Ada). The same problem affects other higher 
taxa, many of which commonly arc given the same terminations, even though 
they occupy different levels in classification. There has been very little 
standardization of the endings for names of taxonomic categories, but in¬ 
terest m the problem is increasing; hence, some forma] action may be taken 
by the International Ecological Congress in the near future. Official rules 
currently require that Family names must be formed From the name of the 
typical Genus, to the root of which has been added the suffix Adae (c.g,. 
Spirilcridact Arcidac. Orthtdae, Halysiridae, from Sprrifcr, Area, Orthis. and 
Halysites ). Likewise, names of Subfamilies must end in Anar, There arc no 
rules governing endings of names of any higher categories, but a provisional 
arrangement largely derived from an analysis of current practices has been 
proposed (Stenzel, 1950). 

Inasmuch as the terminations of names for Family and Subfamily have 
been formally adopted by biologists, it sec mi desirable to extend some of the 
same terminal letters of these words into the ordinal level. Thus, Ana cor¬ 
responds to Anar, and Ada corresponds to Adae m The use of c in the endings 
for Superfamily and Superorder follows the custom of many biologist* and 
also enables one 10 preserve the form of the three terminations in each group. 
All terminations at the ordinal and familial level have been standardized in 
this text 111 the hope that the practice may help students to recognize the 
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taxonomic levels of these numerous names, ft ls not st> difficult io recognize 
names of Classes and of Phyla because there are not many names at those 
levels. Moreover, some exceedingly common names would be changed if the 
terminations of Phyla and Classes were ssandardized, 1 he terminations used 
herein, as applied to the Genus Spirifer, are: 


Titxa 

Superorder 

Order 

Suborder 

SuperfamiJy 

Family 

Subfamily 


TermiiiAihrts 

d a 

-fsk 

-ina 

-icae 

-idac 

■lruc 


E-Xdmp!ffS 

Impunclica' 
Protremida 
Spiri ferina 
Spirifericae 
Spiri feridae 
Spiri ferinae 


- ttupuranki *■ uwd heie i% i ficNtinu! nun? «3e*tgrvtd re 
i3!u^rra£c i tejl ijl j r iu+hs. Nm iupCs^rdef iJ Hurfrcn[l| Jcl-.is- 
mztrd t<.iE ^piriftroid b«cti iapod±. 


In order to stress the usage of taxonomic categories in their rigid sense, the 
word Genus and all higher taxa are capitalized in this text. 1 his practice 
corresponds to the capitalization of formal names such is Epoch, Series, 
Period, System, and Era in stratigraphic terminology. 

Many people like to render formal Latin names in English so that Lhc 
words arc less formidable ant! do not reejuire any command of Latin ety¬ 
mology for their proper use. When Latin terms are converted into English 
adverbs, the general rule is to use the ending -id. when reference is being made 
to a definite taxonomic category, particularly a Genus or a Family. Thus, 
spiri for id brachiopods are those which belong in the Cicims Spinjrr or to lhc 
Family Spiriferidac; amid pclecypods belong to the Family Areidac; nrthid 
brachiopods belong to die Orthidae; and halysilid corals arc in the Haly- 
siiidae. If an inexact English adverb is desired, then the ending -out is used 
with some root. In this way spiriferend brachiopods may comprise not only 
the Spi rife riche, but the Atrypidae and perhaps even some brachiopods which 
look like Spirifcridae but are really in some other group. Orthoid braehi- 
npcids. for instance, do not necessarily have to be orchids, for they can be 
merely something which resembles orthids. The suffix -otd connotes like in 
English, whereas -id conveys “related to ' or "the same as. 

nomenclature 

The basis of any scientific enterprise is to have name* for the tilings being 
studied. Centuries ago it was realized that names for the same plant or 
animal vary from place to place, so a descriptive diagnosis of each organism 
was written in order to clarify each identity. Collections of descriptions into 
encyclopedias constituted the beginning of natural history, and an educated 
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man was one who could quote extensive parts of these encyclopedias from 
memory. One of the most famous treatises was Hiitoria Naiuralii by Pliny 
the Elder, who died in ,u, 79. For the next 1500 years no great advances were 
made over classical treatises, bin after the Renaissance a resurgence of in¬ 
terest in natural history began and many new descriptions were added to 
those in the older treatises. By the early eighteenth century so many animals, 
plants, and minerals were known that an index of some sort became neces¬ 
sary* 

One of the best indices of the time was compiled by the Swedish scientist, 
Carl von Linde (1707-1778)* who, in the fashion of educated persons of his 
time, Latinized his name to Linnaeus. He did not invent the system which 
made him famous, but he perfected it, used it consistently, and added so 
much to existing knowledge that his method quickly became accepted. 
Linnaeus himself said that he based his studies in natural history upon 
taxonomy and nomenclature* His taxonomy, or classification, was crude by 
present standards, but was a notable advance over previous attempts. His 
great contribution to science, however, was in perfecting a system of naming 
plants and animals. Under the method which Linnaeus popularized each old 
Latin description was shortened until it consisted of just two words—gen¬ 
erally a substantive and a modifier; thus the two words Homo sapiens ate 
merely the residue of a long discourse by some pre-Li nnaean writer who was 
describing man in term.s of mans intelligence, Large head, erect posture, and 
so forth. In this system of binominal nomenclature (literally meaning “two- 
named naming system") die first name is the more general oE the two and is 
the generic name, whereas the second dement is of less importance and is 
the specific name (also commonly referred teas the trivial name). 

In writing names according to the Li nnaean method the generic name is 
always capitalized as a proper noun* The specific name Is always written 
with a lower-case initial letter. Because the complete Li nnaean name must 
consist of two dements, the official name, or binomen, is composed of the 
generic name, plus the specific name. By analogy one can see that a person's 
binomen may be William Jones, although we customarily write the generic 
dement (Jones) last and put the specific element first. This analogy breaks 
down as an example of binominal nomenclature because our names refer to 
individuals* not to populations of individuals grouped into species or Genera. 
AH Joneses, together with all other human beings, belong to the same Genus 
and species. 

For centuries, educated people in Europe used Latin as their common 
language* just as it is common to use French today as the international 
language of foreign service. Thus, Linnaeus and all other early naturalists 
used Latin for scientific dcscri[itions. In succeeding years we have recognized 
the International value of Latin in nomenclature by making it the only ac¬ 
ceptable language The custom is hard for some people to accept, possibly 
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because of the increasing lack of familiarity with Latin. Nevertheless, many 
Latin or Latinized generic names are used in everyday conversation, such as 
Geranium, Delphinium< Rhododendron* HippopotamUf r Alligator, and 
juncQ* Few people ohjea to Brontosaurus , Tyrannosaurus, Spirifer* and 
Eohippts r for names of extinct creatures because [he words can be loosely 
translated into popular names such as "thunder lizard/ 1 “tyrant lizard/ 1 “spire- 
bearer/ 1 and “dawn horse/' By the same token, less familiar Latinized 
taxonomic words also are equally accurately conceived* More importantly * 
however, all of these names have the decided advantage of referring tn only 
one Genus of creatures. On the other hand, if a westerner in the United States 
encounters the word "gopher" he probably conjures up an image of a bur¬ 
rowing rodent often called a 1 "pocket gopher' 1 which belongs to the Genus 
Gromys, However* he might be thinking of one of the various 'ground 
squirrels 11 belonging to Spcrmophilus* Contrariwise, residents in the Carolina 
pine barrens will think o£ a gopher as a burrowing tortoise, and in some 
places people refer to a particular snake as a gopher. One is reminded of how 
diversely the words "democratic' 1 and “liberaT are used in different societies. 

Stability in Latin nomenclature is arrived at by strict observance of the 
Law of Priority* By the time that the tenth edition of Systcma Naturae ap¬ 
peared in 1758, Linnaeus had become so weU known by his consistent appli¬ 
cation of binominal nomenclature that biologists agreed to use that particular 
edition as a starting point for recognizing the official names of creatures. 
Moreover, it was arbitrarily decided that this book should date from January 

h l 75%- 

Any Genus or species described after January r, 175S, must he known hy 
the first name given to iu When the same species is inadvertently described 
more than once, the later different names, when recognized as such, are sup¬ 
pressed as synonyms of the first name. When the same Latin words are used 
for two different species, the names are homonyms. In order 10 be sure whose 
Latin construction is under consideration, it Is customary to write the name 
of the author after die generic or specific name and then to add the date of 
publication just to make absolutely sure of the citation. In this way, “LtiarJtys- 
choidea Cloud, 1944” meant that a scientist by the name of Cloud described 
that Genus in 1944- If an author's name b sufficiently well known, his name 
may be abbreviated in the citation, as tk Spirifcr L^ 175^ ° r "Spirtfcr Lin*, 
1758/* the l L " or “Lim" meaning Linnaeus* The proper form for complete 
official names appears in the construction "Mcmt&phyttum minutum Simp¬ 
son, 1900/' This means that the specific name minutum was first published 
in connection with M^fttscophyllum by a scientist named Simpson in 19*^ 
Very commonly the name of the author and the date arc omitted when the 
data either arc given elsewhere in the article or are not essential to the under¬ 
standing of the work (as in this test). 

Commonly an author, when describing a new species, refers it to some par- 
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titular Genus, buc later workers find it necessary to transfer the species to 
another Genus for purposes of priority or merely because ideas on classifica¬ 
tion change. Biologist* always indicate generic reassignment by placing the 
name of the author in parentheses. The citation "NeQzapftrerttis tenetla 
(Miller, 1S91 ) PI means that Miller described a species in 1891; the specific 
name was tenelia, but the generic name has been changed from something 
else (not apparent in the citation) to Neozaphrentis, (If Miller's 1891 pub¬ 
lication is consulted* the curious systematic will find that Milter originally 
referred tcnclla to the Genus Zaphrentif.) 

Some groups arc studied in greater detail than are others and therefore 
require more careful subdivision in classification. In California* for instance, 
field geologists depend upon careful differentiation of fossil scallop shells to 
help them recognize subdivisions of the Tertiary strata. Many species of these 
scallops arc now known which t although they all belong to Pec ten r can be 
arranged into several groups on the basis of ornamentation. It is therefore 
desirable to erect a taxonomic category intermediate between species and 
Genus. In all such cases, Subgencra are created for the different groups, and 
the name of the Subgenus is enclosed in parentheses as "FerteiJ (Ljnj^rrfrn) 
magnolia Conrad, 1857.” It is also permissible to use cither Peeten magnolia 
or Lyropeaen magnolia for the species because most scientists will know 
what is mcanL. 

When species arc described, the author selects several specimens which 
show the range of variation. Some of these specimens he illustraics. These 
typical examples arc called type specimens, and the single specimen which he 
cites as the average example is called the holotype. Holotypes are extremely 
valuable from a scientific standpoint because they constitute the absolute basis 
for understanding a species, A description may be erroneous^ but the type 
specimens are valid by definition. Any subsequent scientist can restudy the 
type specimens when he wishes to verify a feature. Scientists agree that a 
species is what it truly is and, therefore* not necessarily what anyone says it is. 

In all matters of nomenclature, paleontologists join with zoologists to 
follow rules and decisions laid down by the International Commission on 
Zoological Nomenclature, Deliberations of this committee of world-renowned 
scholars must be made official every four years when the International 
Zoological Congress meets* 


FOSSILIZATION 

Men had contemplated fossils for over 2000 years before they were in gen¬ 
eral agreement that fossils are natural remains of once living creatures rather 
than being inorganic, or freaks of nature, or supernatural objects. Although 
the tedious ^fossil controversy" has been settled in the minds of all but the 
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mosE implacably obstinate partisans since about iBoo p many geologists still 
seem to be uncertain to what material constitutes Fossilized animals. At 
least the frequency with which pseudofossils are hopefully submitted to 
paleontologists for identification suggests that there is some indecision as to 
what constitutes a fossik Common pseudofossils include septa nan concretions* 
chert nodules, cone-incone, loess-dolls, bottom markings, dendrites, stylolices, 
clinkers, ritlenstemen, conchoidal fractures, and travertine. To be sure* 
familiarity with members of the several Phyla generally enables geologists to 
select fossils in the field with intelligent confidence, but ignorance of the 
processes of fossilization on ihti pari of the collector may still render a col¬ 
lection worthless because the necessary skeletal features may not be pre¬ 
served, Thus, slabs bearing impressions of the exteriors of stony bryozoans arc 
rarely instructive, but a uniformly calcified small fragment of such a bryo- 
zoan may be accurately identified. A spiral filling (steinkero) of a gastropod 
rarely can be identified even to Genus* but the internal mold of a triEobite 
is almost as good for identification as is ihe carapace itself. Accordingly, a 
careful collector needs to ask himself not only what features of a fossil are 
necessary for identification but whether or not the preservation of a particu¬ 
lar specimen is potentially capable of providing information necessary for 
identification. Paleontologists, when driven by desperation, have sometimes 
become remarkably astute at determining stratigraphic position from frag¬ 
mentary remains of fossils. Foraminiferal skeletons in some regions are so 
crushed and deformed along bedding planes that they cannot be referred to 
known species and Genera; nevertheless, nearly imponderable remains of 
this sort are sometimes referred to as “spots," the various shapes of which arc 
discriminated one from another by numbers instead of by names. 

In rare cases the actual soft tissues of animals have been preserved in ice 
or oil, or by desiccation. More commonly P soft parts and chitinous skeletons 
are preserved as films of carbon intrusting impressions of these tissues. Ex¬ 
amples produced by the process of carbonization are represented by fossilized 
graptolitcs and leafy parts of plants. Two-dimensional materials such as these, 
whether carbonized or not, also produce slight indentations in the sediment 
which are commonly called impressions. Carbonization probably arises from 
the action of two agents—partial bacterial decomposition and distillation by 
heat which can be related to an increase in the thickness of overburden dur¬ 
ing sedimentation (the phenomenon of geothermal gradient) or to mountain 
building and vukankm. 

For all practical purposes, however, fossils occur as skeletal material or as 
impressions of skeletal material in sediments. In both cases alteration of the 
skeletal material begins immediately upon the death of the organism- If burial 
does not take place very quickly, the skeletal pieces become disassociated and 
reduced to sand by the abrasive action of currents or by the activities of 
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scavengers. Assuming that burial does take place, then the skeletons are suc¬ 
cessively exposed to a variety of chemical environments as the overburden 
accumulates and interstitial water starts to migrate through pore spaces in 
the compacting sediments. Movement and chemical change in interstitial 
water can be visualized if a person imagines that an original marine deposit 
is lifted above sea level and truncated by erosion. Rainfall would then have 
access to the sediments and the original (connate) sea water would be 
flushed away by fresh water. Migrating masses of ground water are of dif¬ 
ferent degrees of alkalinity or of acidity and contain various amounts of 
dissolved minerals which they acquire by solution as they flow along. Ac¬ 
cordingly, both the sediments and the contained fossils arc continually sub¬ 
ject to alteration (diagenesis). 

Most fossils originally consisted of calcium carbonate with minor ad¬ 
mixtures of magnesium, phosphorus, strontium* and other salts. The prin¬ 
cipal noncalcareous fossils originally were composed of chitin. Chi tin is a 
complex organic substance (CaeH.-nNiO-.nX)* from which the skeletons of 
insects arc made, but it also occurs in other groups. Sometimes chitin is re¬ 
inforced w r ith calcium carbonate, as in the case of carapaces of crabs and 
lobsters, Chitin is not readily soluble in ground water, but it is destroyed by 
alkaline solutions and by bacterial activity. 

The simplest change in fossils is leaching, in which calcium carbonate is 
progressively removed until the original pearly shell materia! becomes chalky. 
If the shell is removed altogether the void thus produced occurs between two 
molds, one on the outside and one on the inside where sediment has in¬ 
filtrated holtow r shells. Ordinarily molds make undesirable fossils because 
they arc generally recovered incomplete or in coarse-grained sediments. On 
the other hand, molds in fine-grained sediment may record external features 
so faithfully that they are unusually valuable, h is customary to prepare 
replicas of the original shell from molds by squeezing gutta-percha or some 
clay into the cavity, or by filling molds with liquid rubber. These techniques 
enable a paleontologist lo see delicate spines and other surlkial sculpture 
which generally are lost from most other kinds of fossils, 

l£ a void exists between internal and external molds, it can be filled with 
some mineral brought in naturally by ground water. In this way casts arc 
formed. Casts commonly can be recognized because the mineral matter filled 
the voids by inwardly directed crystallization from the surfaces of the molds, 
and the terminations of euhedral crystals are visible in cross sections of the 
casts. Casts may provide accurate replicas of the surfaces of the original shell, 
but it is not possible to use casts for study of mkrostructurc of the shell ma¬ 
terial proper. Calcitc* dolomite, silica* gypsum, and pyriic are common 
minerals forming casts. 

Minerals dissolved in ground water also may affect the original shell when 
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it h still entombed in the sediment. Many porous skeletal parts, such as 
echinoderm plates, can be indurated by the deposit ton of more calcium car¬ 
bonate in the open microscopic latticework of skeletal plates. Indurated fos¬ 
sils normally are heavier than their unaltered counterparts, but it is essentially 
impossible to- tell them apart by ihelr external appearances alone. 

The last yet probably the most common and important method of fos- 
si libation is by replacement. In this process, the agent is again ground water, 
which transports some mineral compound in solution. It is not yet clear just 
why replacement operates the way it docs, but the general fact seems to be 
that a molecule of the original shell substance is removed and its place Is 
taken by a molecule of a new mineral compound. Original calcareous material 
is commonly replaced by dolomite or by silica and less commonly may be 
rep faced by pyrite, m areas! te, or hematite. Peculiar things about the process 
of replacement are that, although the process norma fly affects calcareous 
fossils, it may not alter the calcareous matrix around replaced fossils; or the 
process may affect brachiopcd shells but not shells of other kinds of animals, 
such as gastropods, in the same block of rock* It is possible that very slight 
differences in trace compounds, or differences in crystallographic form or in 
orientation, must control the directiveness of replacement. It is known, for 
instance* that animals precipitate calcium carbonate in two polymorphic 
forms, calcite and aragonite* Aragonite is slightly more soluble in ground 
water than calcite is; therefore, aragoniiic shells may be dissolved out of 
cakicix matrix or aragnnitic linings (such a $ some mother-of-pearl) may be 
dissolved out of pclecypod shells, thus leaving the calotte layers behind. 
Moreover, the addition of small amounts of calcium phosphate to shells such 
as those of b ran hio pods renders them distinctly less soluble in ground water 
than are non phosphide shells. 

It is likely that any shell subjected to the action of ground water has been 
affected by some replacement. It is very difficult to prove that the original 
calcium carbonate of a fossil has been replaced by other molecules of calcium 
carbonate (calcification) unless it is known that the original hard parts were 
composed of aragonite and the resulting fossil is composed of calcite. More¬ 
over, the original skeletal tissues become indurated by calcite* and large pores 
in the shells also may be filled by calcite casts. Hence this common ensemble 
is produced by three processes of fossilszation— replacement., induration* and 
filling of large voids. 

Replacement by dolomitizatiou is very similar to calcification because 
magnesium carbonate and calcium carbonate readily form a double salt 
(MgC04 + CaCO;i), the properties of which resemble calcite. When a little 
magnesium carbonate is present in the double salt at is very difficult to recog¬ 
nize the effects of dolomitizatiou, but when magnesium carbonate dominates 
the compound, dolomitizadoc Is readily recognizable. Most dobmtUEcd 
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fossils have a characteristic silky sheen in reflected light and their surfaces, 
as viewed with a hand lens* are covered with tiny rhombic crystals. Rhombic 
dolomite is the normal crystal form; but caldte crystals normally arc termi¬ 
nated by scalenohedrons, and rhombic caldte crystals are rather rare. 
Thorough dDlomidzation usually affects the matrix as well as the fossils. 
Inasmuch as the process not only involves volumetric changes hut also seems 
to go hand in hand with recrystallization, dolomitized fossils commonly are 
distorted or are mtergrown with their matrix. Consequently, preservation of 
delicate microscopic features should not be expected in dolomitized fossils. 
The major exception to poor preservation resulting from dolomitization takes 
place on the sea floor in warm water while the sediments are being de¬ 
posited, This is a form of peneconTemporancous replacements that is, ''almost 
at the same time" as primary dolomitization; this condition is in contrast to 
secondary dolomitigation which results from action of ground water. 

Pyritization produces attractive fossils such as occur in the Tally limestone 
of New York and in association with coal beds at many places. Unfortu¬ 
nately, pyntized fossils are opaque and therefore are difficult to use for the 
study of microscopic features. Moreover, pyrite commonly is accompanied 
by the ferrous iron sulfide, marcasite, which first decomposes to form an iron 
alum and then expands and breaks up the fossils as the alum becomes 
hydrated. 

Either ferrous or ferric iron oxides (iimonite and hematite) may replace 
fossils, but these compounds are rarely encountered except in the well-known 
C tin con iron ore of the Appalachians, Fossils and oolites in that sedimentary 
rock have been neatly altered to hematite. More commonly, however, fossils 
composed of iron oxide arc pscudomorphs after pyrite or marcasite. 

Silieification in limestone commonly affects only the fossils without alter¬ 
ing the calcareous matrix. Therefore, sllicified fossils can he recovered as an 
insoluble residue from limestone blocks which have been digested by weak 
acids. Fossils from insoluble residues not only retain the most delicate orna- 
mentation, but the interior as well as the exterior features are readily observa¬ 
ble, Dentition of bivalves, the loops and spires of brachiopods. growth stages 
o£ arthropods, and muscle scars of many groups are more readily seen in 
silicified residues than in material which has been prepared by hand. In¬ 
creased attention is being devoted to silicified fossils as systematises use 
smaller and smaller differences for the discrimination of species. For instance, 
paleontologists cooperating in the rcstudy of the Permian faunas of Texas 
have processed about sa tons of limestone blocks through acid vais in order 
to obtain the best possible material for study. Odd tv enough, some disad¬ 
vantage arises from having extraordinarily good collections, for criteria based 
upon such superior material may not be applicable on other occasions to 
specimens of even better than average preservation. 
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SiHcificatbn seems to progress from Jit exterior of a specimen to the in¬ 
terior. When silicificathn takes place only in a surficial layer less than i 
centimeter thick on an outcrop, the exposed portion of a fossil may be 
thoroughly si lid fled but the buried portion of the same fossil may retain its 
calcareous composition. In other instances specimens may be thoroughly 
silicified several feet back into a stratum. Silkification commonly involves 
an intermediate stage of completion in which delicate felted mats of acicular 
quartz crystals occupy much of the mass of the fossil. In other cases the 
silica gathers in concentric layers to form intergrown, botryoidak or ringlike 
clusters of spherules i or 2 millimeters in diameter which are called Uesegang 
rings or Bcekite rings. These rings sometimes are mistaken for oolites or for 
foraminifers. In the most extreme examples of siheification the silica may 
obliterate all but the vaguest traces of the original fossil. In less extreme 
eases it may be difficult to differentiate between silicified fossils and casts 
composed of silica* 

Occasionally tracks, trails^ borings, and burrows are discovered. Animals 
such as worms may ingest large quantities of sediment and then void the 
material in contorted strings called castings. In like fashion fecal matter 
termed coprolites may occur as pellets or as small patches of disassociated 
organic debris on otherwise unfossiliferous bedding planes. All of these 
phenomena are classed as fossils although they constitute only indirect evi¬ 
dence of life* 

In some cases two or more methods of fossilization operate to produce a 
fossil specimen. Thus. limestone molds may be replaced so that a fossil may 
be represented by a dotomiiized mold or by a silicified mold. It is important 
for a field geologist to recognize the manner of preservation and the compo¬ 
sition of shells or molds when he collects them so that he can select material 
suitable for identification in the laboratory; 

METHODS IN PALEONTOLOGY 

A paleontologist is primarily a historian whose task is to arrange the 
multitude of fossil species in orderly fashion according to how he interprets 
natural laws. Classification is related to the deciphering process, for it segre¬ 
gates the chaotic mass of species into similar-appearing group which are 
called species and Genera, A paleontologist seldom can prove that he is deal¬ 
ing with a species as long as species are defined in some way such as H4 an 
interbreeding population. 11 Instead, a paleontologist can only collect shells 
from a bed and then define a species as that group whose members resemble 
each other more than they resemble members of any other group. He may 
be confident that his "‘species 1 * has every attribute possessed by an analogous 
living "species,” hut he also has to rely to a certain degree on faith that 
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members of the group had a blood relationship in life* The result is that 
paleontologists deal fu neb men tally with physical changes in form or distribu¬ 
tion, and then they interpret these changes as evidence of specific difference. 
It is apparent, however, that the majority of biologically trained scientists 
now accept such physical changes as being proof of systematic genetic change 
—that is t of organic evolution. 

The foregoing remarks may help to explain the peculiar dilemma of 
paleontologists that in trying to understand genetic changes they must deal 
to a large extent with nongenetic changes. This dilemma explains the con- 
sistent preoccupation of paleontologists with arranging things in orderly 
systems of various kinds. A paleontologist draws upon hb training in physical 
geology when he arranges his materials into stratigraphic scries, geographic 
scries, and environmental series; or he draws upon training in biologic 
sciences when he arranges species into developmental series, morphologic 
series* and evolutionary series* By arranging as many series as possible, a 
paleontologist hopes to team enough about the several species of a fossil fauna 
so that they constitute a harmonious assemblage having attributes of a living 
population. 


Stratigraphic Series 

The stratigraphic series commonly is the easiest to arrange because it is 
based upon application of the elementary Law of Superposition, In struc¬ 
turally ample regions, such as prevail in much of the mid continent, collec¬ 
tions of fossils can be marie from successively higher beds in a stratigraphic 
succession and then classified into Genera and species. From this information 
it is possible to establish the vertical extent or stratigraphic range of each 
species. Finally, species which are abundant and are easily identified can be 
chosen to typify that portion of the stratigraphic succession in which they 
occur. In this fashion a series of faunal zones is established as the units in a 
stratigraphic series, A faunal zone consists of a bed or a succession of beds 
which contains a particular recognizable assemblage of fnssik It is custo¬ 
mary 10 name faunal zones after the name o£ a characteristic fossil in the 
assemblage—thus we recognize the Olrneihis zone in the Cambrian of many 
countries or the NoitionfUa cot Afield ensu zone in ihe Tertiary of the Gulf 
Coastal Plain. Names for successive zones may be derived from any common 
fossils in the assemblages; there tore successive zones of one stratigraphic 
series may bear names derived from a brachsopod, a sponge, a gastropod, two 
bryozoans* and another brachiopod. Or another stratigraphic series may con¬ 
sist entirely of names of forammifers or of graptolitcs. It is all a matter of 
convenience. Stratigraphic series are employed very commonly in applied 
paleontology as devices for purposes of rapid correlation. They can be set up 
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for very adequate local use by any stratigraphic paleontologist who has 
studied a region* and the zones can be recognized by anyone who can identify 
fossils in an assemblage. 

Stratigraphic ranges are made known by collecting from numerous locali¬ 
ties, There is, no reason why different species in the same fauna should have 
die same stratigraphic ranges inasmuch as they can have originated at dif¬ 
ferent times, evolved at different rates, and constantly migrated back and 
forth in response to their need for perfect adjustment to their changing en¬ 
vironments. When new information Ls consistent with previous knowledge, 
there is junification for making stratigraphic range charts such as are shown 
graphically in Figures t.5 and iJ 5 . The two examples have been chosen in 
order to illustrate the relationship of stratigraphic ranges of fossils to forma¬ 
tions in regions of very different sedimentation and environment. 

Formations shown in Figure r.5 exemplify the widespread, persistent, 
blanket type of sediments which accumulated in the central pari of the con¬ 
tinents, particularly during the Paleozoic Era. Individual formations shown 
in the figure rardy exceed 100 feet (30 m) in thickness. Physical charac¬ 
teristics of the formations (such as lithology, thickness, and position in the 
succession) enable one to subdivide the succession in more detail than one 
can by using palcontologic data. The advantage of physical criteria in this 
case is shown by the fact that stratigraphic ranges of most of the fossils 
shown in the figure cross several formations! boundaries, Correlation of 
formations such as these, within one basin o£ deposition, is about as uncom¬ 
plicated as it can be if one is able to see a sequence of several lithologic 
units. Paleontologic assistance in recognizing formations under the foregoing 
circumstances is necessary only when outcrops are far apart, small outcrops 
are available, or die strata have been extensively faulted and folded. Data 
shown in Figure 1,5 indicate that only the Golconda formation and the 
Renault limestone (of Illinois) are readily recognizable paleontologically, 
although the Chester Series could be subdivided into three ascending groups 
which are characterized by the range of T ahifocrinus> the overlap of Cama* 
rapftoria expltmahi and Bumet fid vtra t and the range o£ Spmftr increbescens. 

Formations shown in Figure 1,6 typify the extremely variable formations 
of the Tertiary System in California. Thousands of feci of sandstone at one 
locality may be represented by an equal or different thickness of shale at 
another locality only a few miles distant. Under these circumstances It is 
in most cases almost impossible to recognize lithologic units over much area, 
so formatjonal names have tended 10 fall into disuse and to be supplanted 
by Age or Stage divisions. These latter divisions bear geographic names based 
upon outcrops containing the species characteristic of two or more zones of 
forammifers, In Figure 1.6 the zonadon based upon gastropods, pclccypods, 
and cchinoids is also shown- It is convenient to use the mega fossils for eorre- 
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lation when doing fldd wort because identifications can be made on the 
spot. It is interesting that the zonation based upon mega fossils in the Tertiary 
example depicted is not as refined as the zonation based upon furami niters. 
The time included in different faunal zones depends upon the rapidity with 
which a particular group of organisms evolved and upon the length during 
which suitable conditions existed at a particular locality. The QIcntlius zone 
spanned 2 5 million years or more, but some Mesozoic ccphalopod zones 
represent only 300,000 years. The Ordovician of New York has been divided 
into zo graptolitc zones! each of which has an average duration of 3 million 
years. The common Misshsippian fossils shown in Figure 1.5 have ranges 
lasting from 1 million to 7 million years, and each of the 14 forammifcral 
zones shown on Figure i.6 has an average duration of 1 million years* As 
a very rough estimate, it can be assumed that stratigraphic series of fossils 
consist of paleontologically defined units which represent increments of time 
of the order of 3 million years* 

Geographic Series 

Ancient faunas apparently varied geographically in the same way that 
Recent faunas do, so the farther apart the two faunas arc, the more different 
they are. Geographic distribution of a mm ah (zoogeography) b usually pre¬ 
sented on maps to portray conditions at one instant of time. When coupled 
with the study of stratigraphic distribution, however, the element of time 
assumes such significance that successive maps are heeded in order to illus¬ 
trate movement of species from place to place in a scries of steps called 
faunal migration* Thus, we can trace the migration of numerous groups of 
invertebrates southward toward the equator during the hte Cenozoic while 
the Icc Age approached. Pcctcn (PutinQptrten) aiitrimts, for instance, lived 
as far north as Puget Sound, Washington, during the Pliocene, hut during 
the Pleistocene it lived no farther north than Santa Barbara at about the 
latitude of IjOS Angeles. Now' that the extensive Pleistocene glaciers have 
melted again this species has migrated back to Puget Sound. Corals and large 
muhichambered fnrammifers (nummulites) migrated progressively west¬ 
ward along the Tcthyan geosyncline which lay across the southern Eurasian 
continent during Cretaceous and Tertiary times. Similar invasions have been 
recorded for different regions at different times during the past, with the 
result that we customarily recognize four faunal realms from which species 
migrated into North America. The Atlantic and Indo-Pacifk faunal realms 
bound the continent on the east and west, whereas the Arctic and Mediter¬ 
ranean faunal realms lie to the north and south. 

In addition, every region seems to have its own native faunas which com¬ 
prise the endemic population. Archimedes> a peculiar screw-shaped axis of a 
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bryozoan. is an endemic mid western American Genus m the Mississippi:^ 
bur it migrated westward to Nevada by Pennsylvanian time and entered the 
Indo-Patifit faunal realm, finally reaching Russia where it became extinct in 
the Permian, 

AuteUi* is a characteristic Jurassic and Cretaceous clam which occasionally 
migrated down into both the United States and Russia from the northern 
polar regions. !i would be erroneous to consider this Arctic species as neces¬ 
sarily indicating a cold-water fauna, however, so the word boreal is used to 
signify any northern fauna and austral is used to indicate any southern fauna, 
irrespective of what climate existed at a particular time. 

Estimates of the rate of faunal migration are very important paleontologi¬ 
cally because they help us to understand whether species can populate a 
considerable area in a geologically short interval of time. The faunal zones 
established by stratigraphic studies are conceived of primarily as time zones; 
hence, their validity is only as good as the speed with which their respective 
populations migrated. It has become apparent to paleontologists that the most 
widespread faunas arc composed of graptolites and cephalopods, both of 
which were capable of drifting freely on the ocean currents whether they 
were alive or dead. Inasmuch as the equatorial current flaws about ig nautical 
miles a day, It would be theoretically possible for a specimen suspended in 
that current to have drifted around the world in four years. It should be re¬ 
membered, of course, that there were few continental obstructions near the 
equator during much of geologic time. 

On the other hand* bottom-dive]ling organisms arc known to migrate 
rather slowly, except when their larval forms are carried by oceanic currents. 

Perhaps the classic example in which the rate of migration has been 
measured is that of the common periwinkle, Listorina liuonra. This peri¬ 
winkle is naturally endemic to Europe, but probably was transported to 
North America on the bottoms of ships. It was first discovered in the western 
hemisphere along the coast of Nova Scotia in 1840. By 1S92 specimens had 
been discovered as far south as Atlantic City, New Jersey. In 52 years the 
species had spread along 750 miles of coastline* which means that it migrated 
at the rate of about ig miles per year. At this rate, Uttorina iriforta is theo¬ 
retically able to migrate a distance equal to the circumference of the earth 
in about ryoa years. Inasmuch as estimates of the average rates of marine 
sedimentation range between 1 foot in Soo and 1 foot in 2500 years* it follows 
that a faunal zone characterized by any species with die migratory capability 
of Uiiorma Unarm could spread around the world while only a foot of sedi¬ 
ment was accumulating. Therefore, faunal migrations within sedimentary 
basins* and even between adjacent sedimentary basins, arc, for all practical 
purposes, considered by paleontologists to have taken place instantaneously. 
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Environmental Series 

Founds which inhabit different environments characteristically are dif¬ 
ferent. For instance, differences due to change in depth usually are apparent 
in 3 short distance, but changes in faunas at the same depth may only occur 
over a great horizontal distance. Inasmuch as depth zones intersect the ocean 
floor approximately parallel with coastline^ fossil bottom'd welling faunas 
can be Traced parallel with ancient shorelines more readily than they can be 
traced progressively farther offshore. 
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Environmentsil (also called bionOmic) classifications arc based upon the 
adaptations of creatures. Thus, we find that living invertebrates are marine* 
fresh water, or terrestrial; they inhabit shallow or deep water; they prefer 
cool or warm water; they require normally saline sea water or they can 
tolerate various salinities; they like clean or muddy water, firm or soft sub- 
stratum, light or dark surroundings, and quiet or turbulent waters. 

Most of the important invertebrate groups other than insects arc marine; 
therefore, the marine realm has been subdivided on the basis of several vary¬ 
ing physical properties. Subdivisions of the sea floor, depth zones, and the 
marine environments arc shown in Figure t + y r The sea floor consists of the 
intertidal region, continental shelf* continental slope, and deep sea* plus a 
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variety of depressions and high regions which render the topography of the 
sea floor nearly as irregular as that of the land surface. 

Corresponding to the regions of the sea floor arc depth zones of the over- 
lying water. These are the littoral zone, which extends between high tide 
and low tide; the stibllitoral zone, which extends down to the outer edge of 
the continental shelf at a depth of between 300 and do o feet, depending upon 
local conditions; the baihyal zone, extending down to 6000 or 12,000 feet, 
depending upon which of two main usages is followed; and the abyssal 
zone, which comprises waters deeper than the bathyal zone. Inasmuch as 
the average depth of the oceans is near 12,000 feet, it seems desirable to con¬ 
sider this depth figure as the upper limit of the bathyal zone. 

The waters of ihe oceans which overlie the continental shelf comprise the 
neritic environment, and ihe waters of the open ocean beyond the break in 
slope of the shelf comprise the oceanic environment. Marine animals and 
plants are especially abundant in the upper 600 feet of the oceans because 
that is the region in which most of the sun T s radiant energy is concentrated. 
Accordingly, most marine animals also inhabit the sublittoral depth zone* 
dwell within the neritic environment* and may rest upon the continental 
shelf. Moreover, the creatures that lived in the ancient seas which flooded 
the continents generally seem to resemble those creatures which inhabit the 
present neritic environment; hence* the neritic environment is being care¬ 
fully studied today for evidence which will help to interpret sediments and 
animals of the geologic past, Jn some cases it is convenient to classify marine 
animals according to their relationship to their environment. Thus, benthos, 
or benthoLiic animals such as corals, rest upon ihe sea floor; nekton is com¬ 
posed of active swimmers such as ccphalopinU; and plankton consists of 
floaters such as jellyfish. Many other categories are recognized, but there h 
much difference of opinion about the definition of most of the btonomic 
terms, including those shown in Figure 1*7, 

Ordinarily there has been little interest in arranging various creatures in 
actual series based upon their differing adaptations. Instead, biologists have 
been greatly impressed by the tenacity with which a certain species or even a 
group will confine itself to one set of conditions* This widespread environ¬ 
mental stability has led paleontologists more often to recognizing an indi¬ 
vidual environment than to demonstrating shifts of environment. In faet f the 
stability factor probably has been overemphasized if expressions such as "the 
present is the key to the past" are interpreted to mean that creatures never 
have changed their environmental position. There is no reason to doubt that 
natural laws which operate today are the same Saws which operated in the 
pasE t hot conditions of the present and the past are not the same. Accordingly, 
glass sponges migrated out of the sublittoral zone where they lived in Early 
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Paleozoic is me into the batbyal and abyssal zones where they may be found 
today. 

Fossil invertebrates are assignee! one or another bionomk status according 
to how closely the fossil animal resembles its living counterpart. Unfortu¬ 
nately, resemblance of extinct organisms and living organisms decreases ap¬ 
proximately in proportion to the length of time which separates them* so it 
b difficult or impossible to decide which environment was preferred by some 
creatures. Nevertheless, ancient faunas usually contain some animals whose 
habits can be guessed, so che results of palcontologic studies have been used 
for over ioo years to determine marine versus fresh-water conditions, and 
shallow versus deep water. During this time a great body of data has been 
assembled which indicates that most marine sediments entombed animals 
which lived in less than ioqq feet (300 m) of water. This interpretation 
usually applies equally well to thick accumulations of sediments in geosyn- 
dines along the margins of continents and to widespread thin sedimentary 
blankets and broad basinal deposits of the continental interior. 

Some notable exceptions are known 10 the general rule of ncritit faunas, 
for paleontologists have been accumulating faunal evidence which indicates 
that some Ccnozok sediments were deposited in water juoo feet (1500 in) 
or more decp + Examples arc to be found on the seaward margin of the Gulf 
Coastal Plain and in the centers of small but deep coastal basins on the 
Pacific Coast such as the Los Angeles Basin. It is now recognized that there 
is so much variation in sediments (lit ho fades) and so much variation in 
faunas (biofacies) between neritic and bathyal zones that neither the sedi¬ 
ments nor the fossils may resemble each other enough to warrant direct 
comparisons. Instead, detailed studies of the relationship of creatures to their 
environment (ecology) arc necessary before the geologic record can be inter¬ 
preted intelligently. More attention has been devoted to studying biofacies 
along the Gulf Coast in Texas and in Louisiana than at any other place in 
North America* although considerable emphasis is now being given to these 
studies in California. Geologists cm the Gulf Coast are interested in hiofaries 
because there is an intimate relationship between organisms and lithofacies; 
and, to complete the story, it is widely believed that oil accumulation in 
sediments of the Gulf Coastal Plain is largely confined to lithofadcs of the 
neritic region. The relationships between lit botanies and several zones of 
foramimfers (Margimdirta, HeterQMgim, and four zones of Discorbis) arc 
shown in Figure r.8. Although wells 1 and 3 on the diagram will penetrate 
similar thicknesses of continental sediments, and both will enter the same 
neritic lithofadcs, well 3 will test a much greater thickness of strata than 
will be tested by well 1. The function of a mieropaleontologist working on 
the Gulf Coastal Plain is to advise drilling contractors of the strata which 
can be expected ahead of the drill and whether or not the well is passing 
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through lithofacies of the age and environmental condilion known to pro¬ 
duce ail nearby. Studies of the distribution of planktonic or benthome fossils 
in regions of note worthy marine transgression* and regressions include some 
of the most valuable and complex investigations now being carried on by 
paleontologists. 


Developmental Series 

Growth stages comprise the simplest biologic series because successive 
stages can be placed in the correct order by observing living animals. Growth 
of an animal throughout its life usually is called its ontogeny. Growth stages 
of many extinct animals are preserved in several ways. Early stages of snails 
and bivalved animals are preserved at the apex or beak of a shell, but early 
stages of ammonoids and corals may be concealed beneath later accumub- 
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dons of skeletal parts. On the other hand, echinodcmis essentially destroy 
their early stages by resorbing or adding plates, and adult arthropods retain 
no trace of ihcir early stages because they cast away successive skeletons by 
molting during growth. In these last two cases growth stages sometimes can 
be approximated by arranging specimens collected from one stratum in 
graded series according to size. 

Closely allied with the recognition of developmental series is the interpreta¬ 
tion of their significance, which has been accorded the utmost importance in 
paleomologic research* Biologists have known since about iSoo that different 
creatures may be very similar during their larval and early youthful stages, 
even though the mature animals may differ radically (for example, in the 
presence of gill slits in embryonic stages of various Classes of vertebrates)- 
Moreover, the higher animals seem to pass through progressively more ad¬ 
vanced stages during their growth; and these stages are analogous to the 
general tendency for increased complexity in the series leading from Protozoa 
to Chordata. A commonly cited example of the correspondence between 
growth stages and evolution is that of she frogs, which are thought to have 
evolved from fish. Each frog individually develops from a gill-bearing and 
somewhat fish I ike condition in its early youth into a four-legged terrestrial 
adult animal with lungs. 

By 1866 the parallelism between individual growth (ontogenesis) and 
racial development {phylogenesis) was formalized as a natural law by the 
eminent German zoologist, Ernst Haeckel, The most important proposition 
in Haeckels doctrine (otherwise known as the Biogene tic Law) is that “onto¬ 
genesis is a recapitulation of phylogenesis," Haeckel further suggested that 
the mature characters of one generation are succeeded in later generations 
by even more advanced characters so that the former adult stage tends to be 
pushed backward into earlier and earlier growth stages as time progresses. 
Eventually the early adult characters should be represented in the larval 
stages, and the history of the race should be written in the growth stages. 

Unfortunately* detailed investigations of early growth stages, especially 
by embryologists, have revealed several flaws in the "theory of recapitula¬ 
tion.” In the first place* the crowding of stages may become so severe that 
many stages are omitted during the short larval period of representatives of 
some groups and thus the record becomes erratically incomplete, Second, 
new stages in some cases originate during the larval period—perhaps as a 
response to adaptive requirements—which never were present in ancestral 
adult forms. Third* stages may appear in the wrong order in the larval period. 
So impressive were these and other objections to the theory of recapitulation 
that by 1900 many zoologists had essentially abandoned the theory as being 
unworkable. In fact* this negative attitude persists in many quarters. 

Many, if not most, paleontologists* on the other hand, have found much 
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in the recapitulation theory which is attractive and useful, although they may 
not subscribe to the theory in exactly its original form. Instead* many paleon¬ 
tologists and zoologists berlkve that recapitulation generally applies to de¬ 
velopment of specific organs and commonly applies to over-all growth of 
individuals. They maintain that the essential features of phylogeny should 
be expected in ontogeny, although specific minor departures from the rule 
may take place. In particular, paleontologists have been swayed by the evi¬ 
dence presented by students of ccphalopods. Numerous races of ammonites, 
in particular, seem to offer monumental proof that the individuals pass 
through stages in their youth which were characteristic of the race in earlier 
times. Moreover, there is strong stratigraphic support for recap! tube bn 
among ammonites because successive fossils in proposed evolutionary se¬ 
quences occur in progressively younger deposits. Similar noteworthy evidence 
has been add tired from the study of some corals, graptolites, brachiopods* 
and several other invertebrate groups, but is almost lacking among trilobitcs 
and ostraeodcs, for instance. 

It is no exaggeration to say that the theory of recapitulation has had more 
effect upon paleoniologic thought than has any doctrine aside from that of 
organic evolution itself. Moreover, while some zoologists were developing 
apprehensions about recapitulation* most paleontologists were assembling 
more and more developmental series which seemed to support recapitulation. 
Insofar as most palcontobgk interpretations have been concerned, it was 
better to explain exceptions to the rule as being special adaptations* or in 
some other way being unusual, rather than io challenge the accumulating 
mass of supporting data. In all fairness* however, it should be pointed out that 
some paleontologists continue to be skeptical of the validity of any scries 
based upon recapitulation. The bases of some classic vertebrate lineages have 
been shaken or disproved, and several recent students of cephabpods and 
trilobitcs find no value for their studies in the theory of recapitulation. Under 
these circumstances, investigations into the validity of the Biogcncdc Law 
remain a fertile field for research. 

Morphologic Series 

A morphologic series is a group of organisms arranged In arbitrary fashion 
In order to show a systematic change in some anatomical or skeletal feature. 
Next to arranging species in progressive stratigraphic sequence, perhaps the 
most common function of a paleontologist is to organize fossils into morpho¬ 
logic series. Series of this kind ordinarily are based upon change in size, 
shape, sptnosity, or the number of some ornamental or skeletal features such 
as ribs, segments, or lobes. In its most elementary condition a morphologic 
series h merely a working hypothesis concerning possible steps which a 
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succession of species might have followed during an evolutionary progres¬ 
sion , A morphologic series does not contain any implication of actual descent 
or genetic relation, although genetic relation is not necessarily excluded* 
Perhaps the arbitrary nature of a morphologic scries is best understood by 
noting that the species which illustrate a changing feature may or may not 
belong to the same Genus and may or may not come from successive 
stratigraphic units. In its most perfected state a morphologic series assumes 
the status of an evolutionary series, for all evolutionary series are morphologic 
series; but only an evolutionary scries can be proved to be within a genetic 
lineage. 


Evolutionary Series 

An evolutionary scries represents the peat of scientific accomplishment in 
organizing fossil invertebrates, lx purports to show an orderly progression 
in morphologic changes among related creatures during successive intervals 
of time. Starting with an admittedly hypothetical morphologic series, a 
paleontologist selects for each stage those specimens which also comprise a 
stratigraphic series. He tries to use specimens from the same faunal realm, 
and he may even be able to check his work by studying the systematic 
changes which take place in early developmental stages of species. Re¬ 
finement in the selection of specimens is continued by a succession of ap¬ 
proximations so long as new information and material become available, 
until an orderly series seems to have been arranged. 

Much of the difficulty about accepting evolutionary lineages arises because 
of the nature of the proof required. If genetic proof is the only acceptable 
basis, then evolution seems doomed to remain an abstraction. On the other 
hand + if systematic modification of living varying organisms in ways har¬ 
monious with all natural laws is accepted as proof, then evolutionary lineages 
are capable of proof. 

Evolutionary scries of fossil organisms Have been subjected to three kinds 
of criticism. First, they are primarily morphologic scries which might be 
ingeniously assembled using only those individuals in a plexus of similar 
animals which support a hypothetical sequence and leaving out the numerous 
equivocal and problematical individuals which do not seem to fit the series. 
Second, the lineages which are being proposed usually arc suggested by an 
evolutionary theory, yet the lineages purport to prove the theory—thus rep¬ 
resenting reasoning in a circle. Third, changes in appearance of organisms 
in successive overlying beds usually are thought to reflect progressive descent, 
yet species arc known tu live so Song that an ancestral species and its de¬ 
scendant species can persist side by side through an appreciable thickness of 
strata. In view of this it is possible in the accidents of field work to collect 
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only the ancestor from high beds and only the descendant from low beds 
in a sequence, thus imparting inverted evidence on the direction of modifica¬ 
tion! In spite of these objections, evidence continues to accumulate which 
supports most evolutionary scries. Scientists have faith in the validity of the 
method as long as consistent concepts of morphologic, stratigraphic, geo¬ 
graphic, environmental, and theoretical evolutionary lineages are maintained* 
When Raws in proposed evolutionary scries have been revealed^ scientists 
have made necessary rearrangements or have abandoned the particular series 
as being invalid. 


EVOLUTIONARY THEORY 
Darwinian Evolution 

It has been just a hundred years since Darwin presented an orderly ar¬ 
rangement of the factors which have generally come to be accepted as the 
demonstration of organic evolution. After the theory was proposed scientists 
expected that the fossil record would afford indisputable proof of descent 
with modification. It was even hoped that stratigraphic columns could be 
divided into great zones in which the Phyla were represented in orderly 
succession with the Protozoa at the bottom and the progressively more ad¬ 
vanced Phyla in successively younger deposits. By now, however* it must be 
apparent to all interested scientists that fossils were not preserved in sufficient 
abundance for adequate study until the beginning of the Cambrian* by which 
time many of die major events in organic evolution had already taken place. 
Paleontologists, therefore, rarely deal wish evolution of the grandest groups, 
but must pay close attention to detail in order to discern how otic dominant 
group yields in time to the dominance of its descendants. Paleontologists 
have enjoyed some gratifying results ai this task- In the course of innumer¬ 
able studies of myriad kinds of animals, paleontologists have revealed incon¬ 
trovertible evidence of the systematic modification of groups of organisms 
during the passage of time. 

Naturally, paleontologists, in believing that they are dealing with evolu¬ 
tionary scries* try to understand the process of organic evolution by reference 
to the so-called factors in the Darwinian theory. All of these factors bear upon 
fossil as well as living organisms. The basic theory can be combined into a 
few factors which can be arranged into a logical order as follows; 

I* Heredity 

2. Variation 

3» Prodigality 

4. Competition 

5. Natural selection and survival of the fittest 
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HEREDITY 

Heredity is the constancy factor in evolution. It is the obvious manifesta¬ 
tion that like begets like. We accept the factor of heredity as a fact and 
use simple ratios to predict results in hybridization experiments such as 
arc used to advance agricultural science; but heredity has not been under¬ 
stood this well very long; In fact, Darwin had to accept heredity without 
understanding it at all because Mendel did not publish the first laws of 
inheritance until three years after Darwin published the Origin of Species. 
Moreover, Mendel's results lay unheeded in an obscure journal until the 
article was ''discovered" in 1890. 

VARIATION 

Variation is the tendency toward! change in nature. Although like begets 
like, offspring of the same parents arc generally so different as to be readily 
identified. There is a simile which implies that two things "are alike as two 
peas in a pod. 11 But peas in the same pod are commonly unlike; indeed, it 
was from actually observing differences in peas that Mendel derived the laws 
of inheritance. 

It appears that creatures vary m all sorts of ways, as if a species were at 
the center of an explosion* In this way some variants are “good," some are 
"bad," and some are "indifferent/' Darwin thought that the myriad little 
plus-and-minus variations, such as large bodily size versus small size, were 
the material changes which enabled evolution to take place. Darwin called 
these fluctuating variations, and other biologists have called them indeter¬ 
minate variations. It is known now that many of the fluctuating varia¬ 
tions are non inheritable and are therefore extraneous to the evolution theory. 
Two kinds of large genetic variations, however, are thought to be significant 
in evolution. Indefinite variation is the tendency of an organism to vary 
genetically in numerous ways* sonic of which may provide the organism with 
competitive advantages. Thus, a parent species inhabiting water of moderate 
depth may produce a range of numerous variants, one end point of which is 
capable of moving into deeper water and the other end point of which is 
capable of Inhabiting shallower water than the parent group can. Definite 
variation is the consistent genetic tendency of some feature of an organism to 
vary in a particular direction* For example* progressive increase in size is a 
common definite variation. 


PRODIGALITY 

Prodigality is the factor of abundance of life. Darwin relied to a great 
extent upon prodigality because he was greatly impressed by die concept of 
overabundance as expressed by Malihus in his essay "On Population" Ac- 
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cording to the Malthusian principle* creatures reproduce at rates far in excess 
of the capacity of the world to support them. Spectacular population dy¬ 
namics can be envisaged if one contemplates what would happen if all the 
progeny of some simple organism survived and reproduced at the same rate 
as the parentj thus creating a geometric increase which soon would reach 
astronomic proportions* Obviously, something happens to reduce the num¬ 
ber of offspring that survive to adulthood. 

The prodigality concept has an additional application in paleontology! 
for it helps to explain the successful dispersal of marine organisms in num¬ 
bers such as enable them to be collected over considerable areas. A fossil, in 
order to be useful in correlations must be common and widespread, so 
prodigality bears directly on these qualities* 

COM PETIT 10 M 

We are led inevitably from the Malthusian principle of overpopulation 
into the factor of competition, or struggle for existence. Creatures struggle 
for space, food, air, light, moisture, and all the commodities necessary for 
growth* rep reduction p and dispersal. Biologically the struggle of a dense 
patch of seedlings for survival is identical in import with the competition 
among multitudes of oyster spat for the few clean objects on which to settle 
and with the demand of overpopulated countries for resources and tillable 
land. Some struggles take place silently and essentially Inadvertently, whereas 
others involve willful violence. 

NATURAL SELECTION 

Some creatures vary in some slight degree from the average of their fel¬ 
lows and thereby are jtilc to start growth sooner, grow faster, assimilate food 
and moisture quicker, run more swiftly, react sooner, or do any one or 
more of the myriad things living organisms do in such a way that they have 
an advantage over their fellows. This is to say that they are better adapted 
for some condition or conditions than are their fellow creatures. Accordingly* 
from having an advantage, their chances of survival are improved. Obviously, 
the race Is propagated only by the survivors, or, to word it another way, by 
the best-adapted creatures. Natural selection U the tendency of variations to 
survive according to their degree of adaptation to natural conditions. As 
applied to changes In faunas, the factor of natural selection can be viewed 
in two ways* If the environment of the home area remains constant, then 
the species will be dispersed into new environments if the variants are 
adopted to those environments. In this case the typical form stays in the 
same area i variant forms move away into new areas. On the other hand, if 
there arc advances Dr retreats of (he oceans, the typical species must migrate 
with changing conditions, The variants, on the other hand, might be adapted 
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to the new conditions which came into existence and might remain in the 
home area. In general, under natural selection, indefinite variation is apL to 
encourage diversity, whereas definite variation is apt to lead to restrictions, 

SURVIVAL OF THE FITTEST 

This factor is so intimately related to natural selection that the subject 
of survival has already been mentioned in the foregoing section* Survival of 
the best adapted is another way of interpreting survival of the fittest, for 
fitness in evolution generally means being fit for some place in the balance 
of nature* In essence, however, survival serves only one biologic purpose, 
and that is reproduction of the species* Whereupon the Darwinian logic can 
be applied anew m the next generation* 

Mutation Theory 

According to the Darwinian theory h evolution progressed by a succession 
of minute changes, through numerous generations, over a long period of 
time. Contrasted with this is the mutation theory of Hugo De Vries* which 
explains how a new species can originate by one great change, in one genera¬ 
tion, over just one year or reproductive period. De Vries was a Dutch ex¬ 
pen me mat botanist who observed (about 1B90), among a population of 
evening primroses, that some plants produced Spores" or "saltations” which 
not only differed significantly from the other plants of a new generation but 
comprised a pure genetic strain. These new forms, which he ranked as 
species, he called mutants—hence the mutation theory. At first it was sup¬ 
posed by some biologists that perhaps Darwin's evolutionary theory might 
be replaced by that of De Vries T but current ideas are thai both theories are 
valid and are complementary to each other* De Vries' theory shows that 
variations of any magnitude can take place, and Darwins theory shows how 
variants can be preserved. 

It is probable that the causative mechanism of variation is now known 
because man has been able to produce variations artificially with high in¬ 
tensity radiation. It is likely that cosmic rays have been a significant factor 
in evolution throughout geologic time because cosmic rays constantly bom¬ 
bard the genes of living cells at the present and presumably always have done 
so. 

Paleontologists arc sensitive to the implications of the mutaiion theory 
because they cannot be sure whether newly introduced species in the faunal 
succession arc the result of rapid mutations of local species or of migration 
into the area by slowly evolving species. 
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Evolutionary Patterns 

Whenever the rudiments of any theory of evolution appeared in pre- 
Darwinian limes, the sequences almost invariably were thought of as sweep¬ 
ing linear ascents from simple 10 complex; hence, we customarily speak of 
any evolutionary series as a Lineage (Fig, 1*9,1), Lamarck conceived the idea 
that evolutionary patterns were really very complex* and in iftxj he published 
the idea of a "tree of life” or phylogenetic tree (Fig. 1.9.6) in which the 
various taxa can be traced by a succession of junctures from the outermost 
twigs (species) down to the major limbs (Phyla), This kind of presentation 
remains the most popular graphic method of presenting the interrelationships 
and systematic classification of creatures. It is primarily a succession of 
lineages, any one of which can be traced back to the "roots" of the Animal 
Kingdom, 
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When examined with care, a phylogenetic tree proves to be a complicated 
thing in which several small patterns are discernible. Divergence is the 
general tendency for a species to separate into two or more lineages which 
depart during their evolution ever farther from the ancestral type (Fig. 
1.9a). Every branching of a phylogenetic tree is an example of divergence. 
Convergence* on the other hand, is the tendency for two unrelated species to 
produce lineages which evolve into ever more similar forms (Fig. 1,9.3)+ 
Most evolutionary events can be spoken of as lineages, divergences, and con¬ 
vergences. In addition, however, many different lineages evolved along the 
same lines as if they were vehicles traveling to the same destination hut on 
parallel highways. In some cases the different lineages lived in the same 
region, and in others they lived in different regions. Lineages may have been 
closely related or totally unrelated. Moreover, they may have been con¬ 
temporaries* or they may have lived at very different limes. Every student 
of earth history knows that fish, ichthyosaurs, and porpoises evolved into 
similar external bodily forms and that birds, bats, and pterosaurs did like¬ 
wise in their own way. Among invertebrates, Paleozoic letracorats went 
through their complete evolutionary history and became extinct, where- 
upon Totally distinct Mesozoic and Cenozoic hexacoraL repeated the same 
patterns during the succeeding 180 million years. Phenomena of this sort 
have been variously called parallelism, convergence, and homoeomorphy, 
but it is desirable from pakoniologic viewpoints to define the terms 
separately. After all, a parallel pattern can be superimposed either upon 
divergent or convergent patterns. Parallel descent is the tendency for two 
originally divergent or related lineages to evolve along the same paths (Fig + 
1*9*4), Hqmoeomorphy is the tendency of two originally convergent or 
unrelated lineages to evolve along the same patterns (Fig, 1.9,5). The actual 
organisms which evolved into similar types, whether in parallel descent 
nr in homocomorphy, arc referred to as homtwomorphs or as morphologic 
equivalents. Considerable evolutionary information is necessary before the 
initial pattern can be proved to be divergent or convergent. 

It remained for a German paleontologist named Salfeld to formalize an 
evolutionary pattern in which a new F effect of parallelism was expressed. Be¬ 
tween 1913 and 1922 Salfeld attempted to show that the group of true am¬ 
monites recognized by paleontologists really is an assemblage of diverse 
genetic ancestry. According to Salfeld (and now according to some other 
students of ammonites) this composite group of similar forms arose by re¬ 
peated offshoots from two other remotely related stocks of ccphalopods. A 
pattern of this kind is an example of iterative evolution* Its pattern is 
analogous to that of water flowing into a reservoir through many channels 
instead of being impounded within the course of a single major stream. The 
pattern is iterative because replenishment takes place from time to time 
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from the same source or sources. When a taxonomic group is derived by 
repented offshoots from a single stock the result is simple iterative evolution 
(Fig. t-9,S) h When a taxonomic group is derived by offshoots from two or 
more stocks the result is compound iterative evolution (Fig. 1.Q.9). An¬ 
other way of thinking of these patterns is to consider them examples of 
repeated parallelism, simple and compound, iterative evolution should not 
he confused with any causative theory of evolution such as those which were 
proposed by Darwin or De Vries, Instead, Iterative evolution is merely a 
method of depicting patterns which organic evolution has followed. Iterative 
evolution might, however, emphasize die mate rials for a test of why straight- 
line evolution takes place. 

Parallelism is usually explained as the adaptation of different creatures 10 
the same environment. This is a reasonable hypothesis in the case of swim¬ 
ming or flying creatures, and it more or less serves to explain why many un¬ 
related coin ni a I organisms adopt n hexagonal pattern for packing together 
bundles of tubular skeletons. Instances of this sort may be thought of as 
obligatory parallelism which does not require any particular biologic ex¬ 
planation Nevertheless, similarities in environment are not apparent in 
some cases of parallelism; hence, additional theories have been proposed to 
account for similarity of evolutionary patterns. 

One of the latter theories which profoundly affected paleontologic thought 
is called orthogenesis, or the concept of straightdinc evolution. According to 
orihogcnetic philosophy there is an inherent tendency in some groups of 
animals which causes them to evolve along certain lines rather than to vary 
in all directions and then to adapt themselves to the random situations to 
which they may be suited, Darwinian patterns of variation are fundamentally 
radial, whereas the pattern in orthogenesis is essentially linear (ortho means 
straight). Orthogenesis was originally proposed by Eimcr in 1896 in order 
to account for the systematic change in color patterns of butterflies. Eimer 
suggested that the wing patterns evolved through several stages from hori¬ 
zontal stripes, through horizontal and vertical stripes and finally to solid 
color; and hr pointed out that this sequence of patterns also is followed dur¬ 
ing the ontogeny of some individual butterflies and reptiles. The theory of 
orthogenesis was seized upon by vertebrate paleontologists, particularly in 
America* to explain the evolution of the horse and to explain why different 
strains of titanothcres which lived at different times all produced one or two 
extra sets of horns as they increased in size. 

Much opposition to the theory of orthogenesis has arisen, principally from 
zoologists, but more recently from paleontologists. For example, some stages 
in supposed orthogenetic scries have been found to be in the wrong strati¬ 
graphic order. It has also been said that “examples** of orthogenesis have 
been selected because they fit the theory, whereas other examples which did 


42 


INVERTEBRATE PALEONTOLOGY 


not fit the theory were left out. Or the theory has implications of super¬ 
natural forces or of predestination and therefore is not subject to scientific 
evaluation. 

Zoologists despair of finding any genetic mechanism which can account for 
orthogenesis. In the absence of a genetic causal mechanism, some biologists 
have thought that perhaps orthogenesis is caused by adaptation to an en¬ 
vironment, Organisms subject to variation must adapt themselves to suitable 
conditions, but there docs not seem to he any way in which the adaptation 
itself can cause variation in the organism's genetic make-up. It also has been 
suggested that orthogenesis is really nothing but orthoselection, in which 
successive generations of diverse variations arc refined by natural selection so 
that only those individuals survive which vary in a particular consistent way. 
In this respect orthogenesis can be shown to be the same as "definite vari¬ 
ation*” 

No matter whether the phenomenon is called orthogenesis or orthoselcc- 
tion, the record of invertebrate paleontology abounds with evidence that 
many different creatures seem to march along rigidly circumscribed courses 
in their evolution. Moreover, some trends seem to have progressed to special¬ 
ized extremes far beyond what appear to be optimum modifications. Few 
paleontologists openly support orihogcneiic theories today, hut much paleon- 
tologic literature cannot be evaluated intelligently unless there is an appreci¬ 
ation of the underlying philosophical tenor of straight-line evolution* 

About the same time that the doctrine of orthogenesis was proposed, a 
collateral hypothesis was suggested in Europe by Dollo* It was Dollo’s belief 
that evolution was always progressive—that is, that creatures, once they 
started down a certain evolutionary path, never retreated nor could they 
resume a former condition. In 1893 he proposed these concepts as the Law 
of Irreversibility of Evolution, As an example he cited the well-known 
shapes of nautiloid cephalopcds which range from straight, to curved, to 
loosely coiled, to tightly coiled, and finally to involute. Dollo did not know 
of any instances in which a reversal of shape changes took place among 
cephalopcds, hut several are believed to have been discovered since his time 
(Fig. n.3); therefore the law can be said on an absolute basis to be false. 
Moreover, it is well known that aquatic vertebrates gave rise to terrestrial 
vertebrates and that these latter reverted to aquatic types as in the cases of 
whales and ichthyosaurs. The result is that many biologists prefer to in¬ 
terpret Dollo’s law in such a way that organs lost during the course of 
evolution cannot be regained in a structural form homologous with their 
original condition, even though the apparent direction of evolution is re¬ 
versible* 
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PROCEDURE IN PALEONTOLOGY 

Paleontology is so wedded 10 stratigraphy that the two disciplines arc al¬ 
most inseparable. Many stratigraphers arc also paleontologists* and almost 
all paleontologists are also stratigraphers. To be sure, some stratigraphers 
deny the need for palcontologEc assistance, and some paleontologists survive 
happily without a thought for field relationships of their faunas. On the other 
hand, most geologists use pakontologk information as the principal means 
of dating the formations with which they are dealing and thereby help to 
establish the order of succession of formations. Ii is true that palcontologie 
control is not needed for recognition of every outcropping stratigraphic suc¬ 
cession or for correlation of the formations encountered in every oil well. 
For instance, if one maps along a consistent succession of outcrops of dis¬ 
tinctive appearance, one is reasonably sure That the ages remain the same for 
all practical purposes from outcrop to outcrop. Even so, the age relationship 
of every outcropping or subsurface unit ultimately rests upon paleontologic 
dating of some stratigraphic succession somewhere. Bur if beds are not 
laterally continuous, if new beds come into a succession, if strata grade later¬ 
ally from one lithology to another, if there arc severe structural complications* 
or if one is dealing with a monotonous succession of similar lithologic units, 
then the services of a paleontologist become desirable or even Indispensable 
to solution of a stratigraphic problem. By the same token, changes in sub¬ 
surface conditions arc equally vexatious in the absence of palcontologic con¬ 
trol. Many oil companies make it a practice to study microfaunas from every 
wildcat well and from at least one well in every geographic Section in a pool 
or field being developed; the policy assures their geologists the opportunity 
to avoid some costly errors of miscorrelation* The petroleum industry pro¬ 
vides many stories of failures due to miscorelations, some of which could 
have been avoided if all available information, including palcontologic, had 
been evaluated. 

There is a widespread belief that two categories of paleontologists exist— 
the academic and the practical—but it would be difficult to establish finite 
differences between the two, if indeed there are any* Jiasie research in one 
or more of the methods discussed earlier in this chapter (that is, morphologic 
series, stratigraphic scries, evolutionary series, and so forth) usually has been 
carried on at universities* museums* and state and federal organizations, plus 
some research organizations of oil companies. Applied paleontology has been 
practiced by all sorts of geologists, many of whom may not fully recognize 
their dependence upon their academic colleagues. Increase in available species, 
stability of nomenclature, orderliness of classification* and validity of methods 
Used are unquestionably academic subjects without which applied paleontol- 
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ogy could not function intelligently. Conversely, i£ there were no application 
for paleontology research, the academic pursuits would probably dwindle 
significant! v and would represent the research of a few dedicated and purely 
academic workers who served theoretical biology while satisfying their own 
insatiable curiosity. 

Specifically, the so-called practical paleontologist usually is engaged in 
using one or more of the physical or biologic methods in order to identify the 
age or identity of the rocks from which the fossils came. Employment of the 
most advanced method, the evolutionary series, may be used for an example. 
Each species in an evolutionary scries is like a frame in a motion picture* 
Accordingly, a paleontologist tries to understand the flow of evolution by 
piecing together the several successive stages of a series in a way such that 
the stages make a rational and continuous picture of changes which transpired 
during an interval of time. If we phrase palcontologic work in a pseudo- 
mathematical fashion, we can say that paleontologists try to equate time in 
terms of evolutionary position. Having done this, they can work the relation¬ 
ship In reverse and place a species in its proper evolutionary position in a 
known series ; then it becomes apparent when the species lived. In like fashion 
a paleontologist commonly identifies other geologic, geographic, and en¬ 
vironmental qualities by reference to known scries of fossils. But first he must 
have fossils. 


Field Techniques 

Large fossils (megafossils) such as molluscs* corals* brackiopods, and 
echinoids are used most commonly in studies of outcrops because their skel¬ 
etal remains arc easily seen and may be identified on the spot by a well-in¬ 
formed geologist. Field geologists in a particular region usually develop a 
repertoire of common fossils which are present and whose names and strati¬ 
graphic ranges they know. Thus, ihcse men are able to function as, paleontol¬ 
ogists from outcrop to outcrop without having to collect fossils, carry them 
around all day, and then wait for days or weeks until a paleonio logic report 
is sent to them. Field geologists commonly are able to assist professional 
paleontologists by adding new information on the occurrence of various 
spedes + 

When a mapping program is started a field geologist can obtain much in¬ 
formation on stratigraphy and paleontology by consulting a paleontologist. 
In particular, a field geologist usually can be furnished with illustrations of 
useful fossils or even with a small collection of actual fossils which are diag¬ 
nostic of some of the formations known to be present in nearby regions. The 
field geologist then is able to carry his field work into his area from these 
nearby regions or even to start work in the middle of a new area and still 
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recognize some common formations. He uses the observed physical evidence 
of composition and appearance, plus fossils he collects and identifies with Ins 
preliminary palcoptologic information, in order to recognize nearby forma¬ 
tions which extend into his area. Many field geologists prefer to send 
representative suites of fossils to a paleontologist for identification after de¬ 
tailed stratigraphic studies are under way, That is, geologists collect fossils 
while they are measuring stratigraphic sections. Or they may invite 3 paleort- 
tologist-stratigrapher to go imo the field with them in order to verify ages 
and names of strata in the region. In these ways technical problems of 
stratigraphic nomenclature are settled before detailed mapping begins. 

Fossil collections should be restricted to one apparent bed* if possible, be¬ 
cause strata that look very much alike may be of different ages. It is better 
to make several collections containing similar faunas than to make one mixed 
collection with an impossible association of species. Spccimuis should be 
taken from the actual outcrop, if possible, in order to eliminate contamina¬ 
tion by rock falls from overlying beds. The temptation to pick up cleanly 
weathered specimens from talus slopes is insurmountable, but at least a col¬ 
lection of this sort should be labeled with the customary term ‘Hoar," w in¬ 
dicate that it was not in xi iu. Not only do specimens work down slopes by 
gravity, but geologists are notorious for carrying around odd rocks and then 
tossing them aside. A good fossil locality is apt to be visited by many geol¬ 
ogists, some of whom will arrive there carrying one or more fossils from 
some other locality. In order to take away a pocket full of material, a visitor 
may throw the earlier specimens on the ground where some later collector 
will have the ill fortune to pick them up and send them in to a laboratory 
for identification. A professional paleontologist's life sooner or later is en¬ 
livened by controversy over whether he has misidcntified a fauna entrusted to 
his care or some colleague erred in making the collection. 

Once having made a collection, the collector puts the specimens in a suit¬ 
able bag. Two kinds are very popular—cloth bags with glazed tags and a 
drawstring around the neck and heavy paper envelopes with a metallic band 
which will hold closed a rolled portion of the mouth* In either case the bag 
should have some sort of collection number on il 9 which can be used in 
reference to the fauna. Either the bag or the held notes should carry the date, 
the probable formation, the lithology, the precise stratigraphic position, the 
geographic description (Section, Township, Range, County, State), and a 
descriptive statement as to how to get to the locality (distances and bearings 
from roads, buildings, creeks, or other landmarks). Collecting localities 
should be indicated on topographic maps or on aerial photographs whenever 
it is possible. The foregoing information enables a paleontologist to save time 
in searching for the proper publications which he must consult. The infor¬ 
mation also enables anyone to check or to augment the collection if he wants 
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to do so r With regard to collections without data, they test not only the in¬ 
genuity and professional resources of a paleontologist but also his temper. 

Samples for mieropa Iconic logic examination should be put only in dean 
sacks and tied tightly around the neck of the bag in order to prevent con¬ 
tamination. Moreover, the sample should be taken from well below the sur¬ 
face of an outcrop in order to obtain un weathered and uncon Laminated ma¬ 
terial Calcareous shales commonly abound in micro fossil^ and shale partings 
in limestone strata arc particularly rich in small fossils. 

Finally, il a field geologist wishes to endear himself to his paleontologist, 
then he should send him an elegant collection. This means that there may be 
not only a score of exteriors of clams, but one nice hinge fine with teeth; 
or a scallop with its cars attached; or a crlnoid showing the posterior inter- 
ray; or the interior of a bradiiopod shell; and all of these rare things carefully 
wrapped against damage. In other words, paleontologists react kindly when 
they receive what they sorely need in order for them to do their work (which 
is work for the field man, after all). Students who arrive at the end of a 
paleontology textbook should at least be aware of the morphologic features 
which collections of various kinds of animals should display, even if this 
awareness is only a matter of selfish interest. 

Subsurface Techniques 

Collecting fossils in subsurface studies usually involves recovery of cuttings 
from drilling oil wells. It follows that almost all subsurface collections con¬ 
cern microfossils such as foraminifers, ostracodes, conodonts, and spores. 
Only in a few cases, such as when an exploratory well is being drilled in a 
new region, are there apt to be many cores taken from which megafossik 
can be recovered. Cuttings arc recovered manually by sieving them out of 
the drilling fluid, or they are separated by a mechanical device. It is customary 
to separate sacks of cut Lings representing successive 10-foot intervals of a 
drill hole. Sacks of cuttings are then sent to a micropaleontology laboratory 
(“bug lab M ) for processing* identification, and determination of age. 

Laboratory Techniques 

Mega fossils received at a laboratory are cleaned of matrix by washing, 
chiseling, grinding, acidizing, or by use of vibratory tools equipped with 
needles for tiny chisels. Preparatory work usually is done by the paleontol¬ 
ogist who is studying the collection, and he cleans up only as much of a speci¬ 
men as is needed ill order to assure its idenli&catiort. If a fauna is to be de¬ 
scribed and illustrated, however, then much more extensive preparation is 
necessary. Some museums maintain staffs of skilled preparators who free the 
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fossils from their matrix and catalogue the collection. Once the specimens 
arc clean, they can be identified either by use of publications on similar 
faunas or by comparison with collections made previously. The paleontol¬ 
ogist usually obtains a fairly good idea of the species which arc present in a 
fauna while he sorts over the collection. The field notes will inform him of 
the name of the formation which presumably provided the material and 
where the outcrops were located. Of course, it is necessary to compare the 
unknown fauna with □ known fauna from the same environment, because 
creatures which are of the same age hut which occupied different environ¬ 
ments may be very different. Suitable reference books or collections then 
can be consulted. Paleontologists have also discovered that, except for some 
free-floating or swimming organisms, most species are restricted to one 
sedimentary province or to a relatively restricted geographic region rather 
than being distributed world-wide. Therefore, it usually is necessary to com¬ 
pare collections with faunas from nearby areas in order to obtain the closest 
possible specific correspondence when identifications arc being made. 


Correlation 

Having completed his identifications, a paleontologist prepares a faunal 
list in which all of the species arc listed. He then compares this list with 
fists from other localities of known age, using several techniques. A very com¬ 
mon and timedtonored method is to look for some one or a few species 
whose positions in the stratigraphic zo nation arc well known—these specks 
are the so<alJcd index fossils or guide fossils. In many instances these highly 
diagnostic forms can be used with confidence to date faunas* Cephalopods 
and fusulinidi in particular have been used as index fossils with great faith 
by many paleontologists. 

A different method is to compare the entire fauna with another entire 
fauna and to see what degree of correspondence there is. 1 his procedure is 
called matching faunas* The degree of correspondence commonly is stated 
numerically, as a ratio, or as a percentage. Thus* one may find that two 
faunas have 15 species in common; or that 15 of the species of fauna A are 
present among the 23 species of fauna B* or that 65 per cent of the species 
of fauna A are present in fauna B, 

A third method is to consider not only the species which are present^ but 
the abundance of each species. This is the relative abundance method and is a 
refinement of the matching method in that it attempts to evaluate natural 
relationships of the species in lhe population. Thus, a species (or even a 
Genus or higher taxon) may have had a long range but been particularly 
abundant at a certain time and is reasonably indicative of a certain formation 
if it occurs in abundance. It is from early considerations such as this that 
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geologists used 10 name formations by such appellations as “ Agoniatite for¬ 
mation, 11 "Pentremital limestone/* and “Arehimedal limestone/' Relative 
abundance may be stated as a ratio or as a percentage in order to indicate the 
importance of a species in the whole population. 

The final method of paieontologic correlation is to evaluate ihe evolutionary 
position of one or more species in a fauna. If the evolution and stratigraphic 
occurrence of several species m a Genus are known in considerable detail, 
then it Is possible to assign a species in a new collection to Its proper place in 
the evolutionary sequence and thereby arrive at its stratigraphic range* This 
method requires exceptionally good information on evolution of the group 
and a high degree of skill by the paleontologist. The method is used very 
successfully with corals and cephalopoda but probably reaches its acme of 
practical application with fusulinids. 

None of the foregoing methods is very effective unless collections are 
made with an understanding as to how the paleontologist is going to have 
to operate, tt therefore is desirable for the prospective collector to ask in 
advance what kind and how much material the paleontologist may require. 
Unfortunately, many collections are merely casual accumulations of fossils 
taken in the press of time, far from an automobile* and with more concern 
for lightness of load than for completeness of representation. Obviously, no 
paleontologist can use statistical methods in matching faunas or in studies 
of relative abundance if he does not have adequate material. The result is 
that meager col lections force the use of inadequate methods. Perhaps it is 
for this reason that it is highly desirable to bring a paleontologist into the 
field where he can make hts own collection and call upon bis own enthusiasm 
and energy to get large suites of fossils back to civilization. Many a paleon¬ 
tologist has returned cross country deshabille with important pieces of his 
clothing removed in order for them to serve as emergency luggage for fine 
collections of fossils! 

Laboratory examination of microfossils is somewhat different from that of 
megafossils. Cuttings from a well or samples of shale from an outcrop arc 
first washed through a set of graded screens at the laboratory. Many micro 
fossils in a particular area are known by experience to occur within certain 
ranges of diameters; therefore* ihey can be concentrated between screens of 
proper mesh work. If die shales do not break down in water, they may have 
to be crushed, boiled, or treated chemically to disassociate the mineral parti¬ 
cles and free the fossils. In some cases microfossils are separated from mineral 
grains by Boating them off on heavy liquids which allow the slightly heavier 
mineral grains to settle out. In any case the concentrated sample is then 
^picked/ 1 which means that specimens of the various species arc removed 
under a binocular microscope and arc mounted on slides bearing a grid of 
numbered spaces. A paleontologist (who may do his own picking) then 
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identifies the fossils and prepares a faunal list. After that he follows the same 
methods (index fossils, matching of faunas, relative abundance, or evolution¬ 
ary position) as the student of megafaunas does in order to arrive at hss 
conclusion as to the age of the fauna. With the advent of ecobgic studies of 
miemfaunas, it is becoming increasingly common for micropalcontologists 
to utilize information on depth and temperature of certain living species as 
evidence bearing upon the correlation of extinct faunas. 


QUESTIONS 

I. What bearing do parallelism, straight-line evolution, and irreversibility have 
on the correlation of faunas? 

а. How can mutations I* confused with effects of faunal migration? 

* p How docs a paleontologist recognize units of geologic time* and what 
phenomena are apt 10 confuse his decision? 

Why arc numerical data on distribution of Phyla in [he Animal Kingdom not 
representative of the maierLds available to paleontologists? 

5. Under what circumstances are fossils of most value in stratigraphy? Ot least? 

б. Jn what ways can manner of preservation of fossils affect the ability of a 
paleontologist to make identification f 

7. Where and under what geologic conditions did environment influence marine 
faunas significantly in North America? 

3 . Give an example of faunal migration, stating the causes. 

9. Why should the paleontologist, W. D. Lang, once wy, “Confused nomencla¬ 
ture is fatal to dear thinking '? 

10. Why should academic and practical paleontologists he dependent upon each 
other? 
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SINGLE-CELLED ANIMALS 


PHYLUM I. PROTOZOA 

Allhough die Protozoa are die simplest members of the Animal Kingdom, 
they are not necessarily the smallest, nor is their simplicity such as to make 
diem uninteresting. Protozoa range in size from minute organisms* the ex¬ 
amination of which requires a high-powered microscope, to frilly, lenticular, 
calcareous discs such as Ntusirta which are 7,5 inches (19 cm) in diameter* 
Some diaphanous members of the Phylum which lack even a cell wall (such 
as the intestinal parasite, Pvroip&ra gigtinita) grow to be an inch in length. 

Protozoa mostly consist of a single cell* although this cell may be distrib¬ 
uted through numerous chambers of a complex skeletal system. The body 
itself is composed largely of cytoplasm or living tissue which contains a single 
nucleus or more than one nuclei (Fig. 2.4.1). Suspended in the cytoplasm 
are substances which perform the digestive functions of the cell, there being 
no digestive organs. Moreover* die products of the digestive process are car¬ 
ried to all parts of the cell body by vortical motion of the cytoplasm, there 
being no circulatory system of arteries and veins. Finally, the lack of a 
differentia t ed respiratory system requires that waste products of metabolic 
activity be passed out of the body (and oxygen passed into the body) by 
osmosis, which is diffusion through the wall or outer surface of the body, 
A major difficulty facing most protozoans is the tendency of the colloidal- 
like suspension called protoplasm to become infinitely diluted in the freslv 
water or salt-water medium in which the animal lives. In order to prevent 
this dissociation of the body, the Protozoa commonly are able, by un¬ 
known means* to concentrate the water entering the body into localized 
centers called contractile vacuoles* which grow larger and larger until they 
break through the outer surface of the animal and empty their contents into 
the surrounding water. About as soon as one contractile vacuole has emptied, 
another is swelling up at another center. The action of these dewatering de¬ 
vices demonstrates that many Protozoa lack a membranous cell wall, but that 
thdr outer surface is rather like the tough surface on a thin custard pudding. 
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Food particles generally are taken into the body through the body walk 
An Amotha* for instance, flows across a tiny plant cdl, sending out extensions 
of the body and ingesting the particle. After digestion the remnant of the 
food particle passes through the 'Tind hl of the body and is left behind while 
the cell flows onward. 

One of the best ways to evaluate the simplicity of Protozoa is by reference 
to the reproductive process. Protozoa are so unspcciaiized that they can re¬ 
produce either by use of the normal process of cell division which constitutes 
growth in higher animals or by means of special sex cells. In the first in¬ 
stance, cells divide so that each half contains a full complement of chromo¬ 
somes and each half is just like the parent. In most Protozoa these cells 
separate by fission to form new individuals* whereas in higher animals the 
cells congregate to form the body of the organism. In the case of sex cells, 
division of the parent proceeds in a way that results in each daughter cell 
having only half of the full complement of chromosomes. In this case two 
ceils must unite to form a new individual. These two processes of asexual 
reproduction and sexual reproduction arc common to primitive plants as 
well as to primitive animals and seem to indicate a common origin for both 
of the Kingdoms. Moreover, both Kingdoms progress by increasing domina¬ 
tion of sexual reproduction over fission. 

Protozoa inhabit fresh, salt, and brackish water; moist earth; moist sur¬ 
faces of plants and rocks; digestive systems of most animals; and even cir¬ 
culatory systems of vertebrates* as in the case of the malarial parasite in man. 
Some protozoans in their resting stages are blown about by winds* and the 
rapidly reproducing individuals quickly populate almost every available 
environment. Other protozoans constitute a major element of the food supply 
of larger creatures m aqueous environments. Marine protozoans with cal¬ 
careous tests rain down upon the ocean floor in such numbers as to be im¬ 
portant rock -fur triers, In former times also this skeletal rain contributed to 
the accumulation of rocks and now offers us a convenient source of some 
of the oil in sediments and of fossil tests for correlation o£ these sediments. 
Protozoans* therefore, arc important in medicine, in petroleum exploration, 
and in the biologic balance of the seas. 

CLASSIFICATION* Major subdivisions of the animal world are gener¬ 
ally differentiated by symmetry, reproduction, and progressive development 
of respiratory, circulatory* and nervous systems. Protozoa, however, are 
basically asymmetrical (although they may approach true symmetry and ex¬ 
hibit false symmetry) and arc otherwise too simple to lend themselves to 
further subdivision on the foregoing grounds. Instead, it is customary to 
group them largely in accord with locomotor devices plus other factors. The 
following short classification reflects these ideas as applied to those protozoans 
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of major interest to paleontologists. Large numbers of zoologically important 
groups are omitted 

Phylum L Protozoa 
Class Ai Mastigophora 

Order a, Chrysomonadida 
Order b. DinnfbgeHida 
Order c. Silicofbgcllida 
Order d. Choonoflagellkla 
Class B, Sartadina 
Subclass i. Rhizopoda 
Order a, Amoebida 
Order b. Tcstadda 
Order c, Foraminiferida 
Superfamily ( 0 - Asirorhizitac 
Supcrfunily (a). LtUioLicat 
Superfamily (^) + Endothyrkac 
Superfamily (4), MitioHcae 
Superfamily (5). Lagenicac 
S La pet family (6). Buliminicae 
Super family (7)+ Rutalitcae 
Subclass 2, Actinopoda 
Order a, Radiolariida 
Order b T Hcliozoida 
Class C Sporozoa 
Class D* Ciliita 


PHYLUM I. PROTOZOA 

Single cells nr colonial aggregates of cells without differentiation of func¬ 
tion* mostly asymmetrical, and, reproducing chiefly by asexual methods. 

Class A. Mastigophofa 

Those Protozoa which move by means of one or more long, thin, whiplike 
processes are included within this Class. Most of them are very tiny cells 
whose whiplike flagellum (pi flagella) h so tenuous as to be almost in¬ 
visible under a microscope. Only a few have a hard skeleton, so the group is 
not very important paleontologically. This Class has also been called the 
Flag el lata in obvious allusion to the locomotor device. Less obviously, the 
word Mastigophora is derived from two Greek words meaning “whip- 
bearer." 

Mastigophorans may ingest food particles and then digest them as most 
animals do, or they may live by producing their own food in the same way 
that plants do from red or green pigmented areas called chroma top horcs. It 
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is at this point that our frumjn-dcvised classification shows major weaknesses, 
for we cannot decide what to do with creatures that move about* but make 
their own food. They have variously been called animals or plants. 

Other mastigophorans are parasitic, like the trypanosomes, and cause seri¬ 
ous diseases in man and in creatures by infesting body cavities, blood, and 
muscle tissues. 

The trend toward colonial habit shows up in Wastsgophora which build 
erect colonies or which congregate in spherical masses, some of which may 
even be enveloped within a common sheath or cuticle of cellulose. Culmina¬ 
tion of this communal action is seen in Synura (Fig, 2.1+18), in which cells 
making up a hollow sphere even indulge in some specialization of function 
to the advantage of the colony. Thus* some celb form one kind of reproduc¬ 
tive body and other cells form a different kind. This is in contrast to the 
other Protozoa wherein reproductive bodies are all alike, Synura B it seems, 
foreshadows the coming of the higher animals and represents a morphulogic 
stage along the evolutionary path. 

Order a. Chrys&monadida 

Among the several groups of Masisgophura is this Order of bifbgclbte 
protozoans. The individuals may secrete a spherical skeleton consisting of 
many minute, da scold u 1 9 ca lei tied bodies called coccoliths and discoaslcrs 
(Fig! 2,1). These particles, which measure only from i to 15 microns (1 
mu =0,001 mm) in diameter, have been reported from sediments in many 
parts of the world. Although first noted in 1R36 and named in their 

true nature was not known until 1H61, and they were not extensively studied 
until after 1900* It is now generally accepted that they belong in ihis Order, 
although some sciemists consider that various similar forms (possibly all 
discoasters) may be precipitated biochemically by algae. Much remains to 
be learned with reference to the coccoliths and [hey may not be correctly 
placed In the classification. By referring to the organisms which produced 
toccolUhs as coccolithophorest it is possible to evade the problem of precise 
biologic assignment. 

Coccollths arc circular to elliptical bodies with or without a perforation in 
the center of a central depression. Among the various kinds of coccoliths 
those called rhabdoliihs are hollow dub-shaped bodies. Tremaliihs are per. 
forate coccoliths (Fig. 2-1.9). Lopadplidis are hollow and rodlike coccoliths 
(Fig. 2,i JB). Some recent attempts have been made to organize our knowl¬ 
edge of coccoliths so that they may be useful paleontologically in correlation 
or in ccologk studies, 

Their widespread distribution is a desirable feature, but their minute size 
reduces their usefulness. Magnifications of 400 diameters or more arc desir¬ 
able in their study. 
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Recent ooccolitbophores occur abundantly In the open ocean in temperate 
or tropical waters, mostly above a depth of 150 meters. Fossil coccoliths have 
been reported from the Cambrian to Recent of many lands, hut only Jurassic 
to Recent reports are undoubted. They are abundant in the Cretaceous chalk 
deposits of Europe. In North America they occur in several stratigraphic 
hands in the Upper Cretaceous of the High Plains where they have been re* 
ferred to by subsurface geologists as the specks in the “First Speckled shale* 
and "Second Speckled shale/' This terminology is a utilitarian nomenclature 
left over from the time when their position in the organic or inorganic 
Kingdoms was not appreciated, 

Discoasters arc minute bodies in the size range of coccoliihs and arc often 
associated with coccoliths. As the name suggests, the plates are disco id a I and 
star-shaped (Fig. 2.1.10-14). Discoasters may be produced by plants, instead 
of by animals, there being no very sound basis for their assignment either 
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way. This vagary arise* because no unquestioned Recent discoasters are 
known* Unquestioned reports are from Tertiary sediments only- 

Order b. Dinoflagdlidu 

Mastigophora with two flagella and a body wall made of cellulose have 
been referred to this Order* Dinoftage Hates are principally distinguished be¬ 
cause one flagellum spring* from a longitudinal groove in the test* and the 
other flagellum lies within a transverse groove. The name, which means 
“terrible flagellates," refers to the spinosity of many members of the group, 
which do look forbidding under a microscope (Fig* 2,2*1-5). At certain 
times when these creatures are able to reach their full reproductive rate their 
bodies may be so numerous in the ocean that they color the water conspicu¬ 
ously. “Red tides'' due to dinofla^ellates and to diatoms (microscopic plants) 
are common along the coast of California and arc also known off Florida. 



SilfcoDcige^i-du 

Figure 2.3.. DtftoRagnlfrdfl ‘ l- 5 - r Ckonnefiagelliiio fS-10), and Silicgflagfllidg (31-T4). 
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The Spanish explorer de Portda originally named the Gulf of California the 
"Red Sea" because of the red tide he encountered there. 

Under rare conditions these creatures may be preserved in siliceous deposits 
such as chert, Thus* they have been identified from thin sections of Jurassic 
and Cretaceous strata in Europe. 

Order c. Silkcflagdlida 

Those masttgophorans which secrete a siliceous test have cither been rec¬ 
ognized as a separate Order or have been considered as a Family of the 
Chrysomonadidq, Their skeletons are generally spinosc rings or simple 
net like structures requiring high magnifies dons (like coccoliihs) in order to 
be studied (Fig. 2.2.11-14), 

Since their discovery in 1838 there has been very little work done on them. 
In this country Hanna (1928) has reported them, from the Cretaceous of 
California. They have been reported from the Cretaceous to the Recent, In 
modern seas they live near the surface as part of the plankton and drift 
widely. 

Hanna suggested that their variability, abundance* distinctness, wide geo¬ 
graphic range, and short stratigraphic range warrant their study as useful 
fossils. Accordingly;, some recent work has been undertaken with them- On 
the other hand* their minute size and iheir general occurrence with other 
more attractive organisms such as radiotarians and diatoms have operated 
against their increased study* 

Order d. Choc noflag el I ida 

Choanofhgdbtes bear one flagellum which is surrounded by a collar of 
protoplasm shat stands like a circular wall above rhe main cell mass (Fjg + 
2-3,6-10). Food particles coming in contact with the collar are ingested into 
the cell in special vacuoles. Cells may be protected by a chitinous vase like 
test or lorica. Under some circumstances the collar and flagellum are re¬ 
tracted and the cell assumes an amoeboid shape. 

Simple, stalked choanoflagelbces arc known, but their most interesting 
feature is the trend toward colonial form, which is expressed in two ways. 
Arborescent growths such as Cadariga may arise, or separate collared cells 
may be scattered over and separated by a shapeless jelly like matrix as in 
Prateroipongis, 

ChoanoflagelUta ate unknown as fossils, although the lorica is potentially 
preservabJe* 


Class EL Sarcodina 

When early biologists wished to differentiate those creatures with a proto¬ 
plasmic body or "sarcode" from higher animals, the name of this Class was 
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diagnostic* hut now many other creatures with a sarcode arc known. Sar- 
codina move by means of projections of the protoplasm, psetidopodia* and 
the various groups can be differentiated thereby. Among floating marine 
forms that change their depth systematically by day and night, some may af¬ 
ter the carbon dioxide content of gas vacuoles in their protoplasm and thereby 
change their buoyancy like a submarine, 

SUBCLASS 1, RHIZOPODA 

Th ose Sarcodina with Jobe] ske or netli ke pseudo podia belon g here. The 
name of the Subclass ss an allusion to the root tike appearance of some 
pseudopodia (as opposed to the stiff-rayed members of the other Subclass, 
Aelinopoda). 

Order cn Amoebida 

This group contains Amoeba, which is one of the commonest and best- 
known Genera of animals because of its widespread use in biology courses. 
A mochas have no hard parts and arc not known fossil. They move in their 
search for food by sending out lubosc pseudopodia, into some of which the 
main mass of the body flows like an advancing lava flow; pseudopodia which 
advance in unprofitable directions arc retracted. 


Order h> Ttitacidn 

Testacida have amoeboid bodies but they construct an external cover or 
test of mineral grains or of tests of other creatures, therefore the name 
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Testae id 3. The Order has been reported as far back as the Eocene and is 
represented in the Recent by Difflugia* 

Order c. Forammifarida 

Herodotus may have been the first to record Foraminifcrida when he sug¬ 
gested, in the fourth century b.cu that the discoidal tests of ivummulites 
scattered about the pyramids of Egypt were fossilized lentils from the 
workers' food supply. 

Foraminifcridj are now so important paleontologically that, to many 
workers, the science of paleontology is essentially restricted to the study of 
'Torams/' as these protozoans have come to be familiarly known. Most eco¬ 
nomic applications of paleontology today are by oil companies who employ 
students of Foraminifcrida as micro paleontologists. By knowing the vertical 
relationships of foraminiferal zones to known oil- or gas-producing strata* a 
micropaleontologist can predict the distance from a recognizable zone in a 
drilling well to a potential producing bed, Foraminifers, being quite small* 
are not all ground up when the teeth on the bit cut into rocks; hence, many 
remain in the H 4 cuLtings sp to be studied at the surface. 

Our knowledge of these protozoans is increasing so rapidly that the il¬ 
lustrated catalogue (Ellis and Messina) grows by the addition of 30a to 300 
new pages every year to the ao-foot-long row of books in the catalogue. Per¬ 
haps 25,000 to 30,000 species arc recognized currently, depending upon how 
many duplications (synonyms) arc thought to exist. Special courses at many 
colleges enable a student to perfect his knowledge of this Order. 

LIVING FOR A MINIFERS. Recent furaminifers mostly live on the 
ocean floor or on bottom-dwelling seaweed. A few live suspended in the 
open ocean by spreading their netlike or reticulate pseudopodia far beyond 
their tests, thus acquiring great surface area without increase in weight; they 
are somewhat like snowflakes in this regard. Most live in less than 600 feet 
of water, but others live far down into the abyssal regions to about 13,500 
feet. Many wash up on beaches to become mixed with sand grains of the 
same size and so they were recognized in rhe eighteenth century by Gualtieri 
and other Venetians bathing at Lido on the Adriatic. 

Each animal consists of one cell* although it may contain numerous 
nuclei distributed through an Amoeba -like body. From time to time the an¬ 
imal secretes about itself a skeleton or rest which generally is divided into suc¬ 
cessive chambers. Chambers are connected one with another by the series 
of ports or foramina* from which the: Order derives its name (‘‘little hole 
bearers”). Protoplasm Is extruded through the last foramen called the 
aperture and grows until another chamber is bulk around it. Chambered tests 
also may bear minute perforations on their surfaces from which tenuous fila- 
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merits of protoplasm stream out to form the pscudopodia. These filaments 
ensnare food part ides and also carry on such locomotor activities as are neces¬ 
sary (Fig. 2.3.1, 2, 5), 

SKELETAL FEATURES. Tests arc of two major types according to 
manner of origin. Many globular, tubular, or branching tubular foraminifers 
build agglutinated or arenaceous tests hy cementing together tiny mineral 
grains nr various foreign particles. About one-fifth of all foraminifers arc 
arenaceous. The other and much more numerous type is of calcareous tests 
secreted by the organism. Several different calcareous subtypes are recog¬ 
nized, of which the most common arc hyaline (or perforate), so named 
because their tests appear glassy, or because they bear minute holes. On the 
other hand, most tests of the porcellaneous (or imperforate) subtype are 
chalky and dull, and commonly lack perforations. Still other skeletal cate¬ 
gories occur among the fusulinids (complex) or among smaller foramimferal 
groups (chilineup fibrous, siliceous, granular). It is probable that calcareous 
tests are secreted upcwi a chili nous framework. 

SHAPE* The simplest forms of protoplasm may be either globular or 
elongate. In the first instance the resulting spherical lest would have a 
globular shape. Simple modifications of ibis involve addition of a neck to the 
flask to become lagcnoid. In the second case the extended form would be 
covered with a tubular lest which might become branched (arborescent) or 
star-shaped (stellate) in modified forms. 

By modifying the lagenoid shape most simply, a utii serial succession of 
spherical tests can be added to the initial chamber to form a nodosarian shape 
like a string of beads. In ibis and in all subsequent shape modifications, the 
initial chamber resembling a lagenoid forammifer is called the proloculus- 
Other elongate shapes are the biserial V-shaped tcxtuUrian and the triseriai 
triiaxkm. 

In planispirally coiled foraminifers the test may consist of a few simple 
chambers (rtfalioid) or of myriad complex chambers in a lenticular ag¬ 
gregate (orbitoid). Spindle-shaped tests Like a grain of wheat, but still pkmb 
spirally enrolled, arc fusiform. When trochosparally coiled forms first start 
to grow along a helicoid axis they arc trochoid, and when they arc distinctly 
spired they are spiral- 

Still more complex modifications are the milioline foraminifers* which add 
chambers spirally in such a way that the ranks of chambers coincide with 
imaginary rays radiating from the proloculus symmetrically. Thus, if cham¬ 
bers are added first on one side and then on the opposite side (iStr rays) 
the shape is bilocidine. If Three rays (iao G ) are involved, the shape is 
triloculiiie* and if five rays (72*) arc involved, the shape is qumqucloeulme. 
Finally* in some foraminifers one or more early chambers are concealed be¬ 
neath later chambers and the tests arc said to be dimorphsne, although they 
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are externally nodosa rian or tcxEuhrhn In shape. Tests of leaf like shape 
which contain concealed chambers arc frondkubnan or fiabelliform* 

It has been a common custom among many micropakoniologists to speak 
of 44 smaller forams 51 and "larger fora ms." Smaller foraminifers consist basi¬ 
cally of relatively few chambers which are arranged in a simple sequence. 
Thus* chambers of smaller foraminifers arc arranged linearly, or in a plani- 
spiral coil* or in a whorl, or in an alternating pattern of the textularian kind* 
Most foraminifers arc smaller foraminifers. Larger foraminifers, on the other 
hand, are composed of relatively numerous chambers which are produced 
simultaneously in several rows or layers. Resulting shapes arc discoidak 
globular, conical* and fusiform, h has recently been discovered that a third 
and exceedingly small size category of foraminifers exists. These tests arc 
referred to as niicrofcrammifers to distinguish them from smaller foramini¬ 
fers. As a rule of thumb, most microforaminifers are about o.oi millimeter 
in greatest dimension; most smaller foraminifers arc about 04 millimeter 
in greatest dimension; and most larger foraminifers exceed 2 millimeters in 
diameter- Numerical systems, however, are inadequate 10 differentiate cate¬ 
gories of foraminifers because some larger foraminifers may be within the 
size range of the smaller foraminifers, and vice versa. 

SHAPE AND POLYMORPHISM. Foraminifers reproduce asexually 
most of the time, tn this process a tiny bit of cytoplasm with one nucleus 
breaks away from the multinuclcate cytoplasm of the parent and grows 
into a new individual. Tests formed in this fashion arc characterized by 
the presence of relatively few chambers, but by a relatively large proloculus; 
hence, the tests are termed megabspherte (Fig. 2.14,4a, ya). The same 
species of foraminifers can also reproduce sexually by union of two sex cells, 
in which case ihe resulting test consists of a relatively large number of 
chambers, hut the pro loculus is relatively small. Tests of this kind are termed 
microspherie (Fig- 2.14.1a, 3, 4b. yd). Moreover, those species of Foramini- 
ferida which may exhibit two bodily forms have been said to be dimorphic; 
and some specialists recognize three-bodied or trim orphic species. Until there 
is general agreement about the probable number of bodily forms in foraminb 
fers* it is convenient to refer to foraminifers (and to some other organisms) 
which arc represented by two or more bodily forms as animals which exhibit 
polymorphism* 

Perhaps it is important to stress at this point that polymorphism is a sep¬ 
arate phenomenon from size differences represented by smaller and larger for¬ 
aminifers. Polymorphism is not very important among smaller fora ms, al¬ 
though some external differences may appear between a microspheric (Fig. 
2.16.9a} and a megabspheric (Fig, 2.16.9b) test of the same species. On the 
other hand* polymorphism can be of great importance among larger foramini¬ 
fers where an adult miemspheric test {Fig. 2.18,12c) may be five times as 
large as an adult megalosphcrk test (Fig. 2,18.12b), 
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Polymorphism (particularly the strictly dimorphic type) is reflected in a 
more or less regular reproductive cycle in which sexual and asexual repro¬ 
duction take place alternately. The phenomenon is called alternation of gen¬ 
erations. Many simple animals and plants exhibit alternation of generations, 
but the phenomenon cannot lake place in higher animals in which there is 
no asexual reproduction. 

Much importance is attached to shape changed not only when differen¬ 
tiating groups, but when establishing the evolutionary position of particular 
specimens. For instance, an individual which is texttihttian in its later 
growth may be spiral in its initial stages. Or, in more elaborate com¬ 
pound shapes, me externally bilocullne test may contain a uiluculine or 
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quinqueloeulme central portion. In all of these cases the assumption is 
that the initial stage represents the normal shape of die adult ancestral form 
a tid that the later shapes in the developmental series represent evolutionary 
advance over the ancestral condition. Expressed as the Theory of Recapitu¬ 
lation, this principle means that an individual records some of its evolu¬ 
tionary history as it grows. 

Attention is also given in classification as to whether the aperture is cir¬ 
cular, oval, slid ike, triangular, or quadrate; or whether it is open or partly 
closed by a tooth which may be simple, bifid, or trifid; or possibly the aper¬ 
ture may be lined in forms with ncedlelike spines to make a radiate type or 
may be perforated by a branching channel called tribrate, Moreover,, aper¬ 
tures may be terminal, marginal, nr basal, depending upon shapes of tests. 
Illustrations of foramimfers, therefore, customarily show an apenural view 
as well as a side or plan view- 

ORNAMENTATION, From a basically smooth surface, the foramimfm 
developed ribs or ridges (costae) s granules or nodes, spines, flanges* and pits. 
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Surfaces covered by a network of fine line* have reticulate ornament. These 
Drnam.cn La I features arc in addition to the fundamentally perforate or im¬ 
perforate construction of the tests. The trace of the wall which separates 
adjacent chambers usually is visible on the exterior of the test as a suture. 
Positions of grooved sutures may be delineated by a depression and limbaie 
sutures may be accentuated by a ridge along one side of the suture. 

CLASSIFICATION. No simple classification is generally acceptable be¬ 
cause exceptions complicate almost every simplified grouping. Different 
shapes, chemical compositions, and test architecture occur in all sorts of com¬ 
binations. For instance, even perforate and imperforate groups are not re¬ 
stricted to the calcareous fora minders because agglutinated tests may be 
perforate, Systematise, by attempting to create exclusive categories, have in¬ 
creased the number of taxi until as many as 51 Families of Foraminiferida 
have been recognized. Inasmuch as only specialists need to be interested in 
all of these technicalities, the classification of seven Supcrfamihcs proposed 
by Glacssncr (1947) is adopted herein as an acceptable simplified 
grouping. 

The following key to the Superfamtiles of faraminifers suffices to differ¬ 
entiate most of the commonly encountered living and extinct forms, but it is 
inadequate for die assignment of a small percentage of mostly uncommon 
forms. 

Key to SufEa families of Rkmminifeuda 


1. Test arenaceous 

A. Nonchambered .. - r .. ------ AsLrorhizkac 

B, Chambered ..* —.* ■ ■ ■ - Lituolicae 

II. Test calcareous 

A. Mostly imperforate, not hyaline 

I. Discotdal to fusiform, granular ............ T . Endothyricac 

a. Mil inline, porcelianous — ... ,, — . M ilioiscae 

B. Mostly perforate, hyaline 

1. Chambers tend to lie in linear or planispiral series, 

particularly in early portions .Lagcnicae 


2, Chambers tend to lie in complex whorls 

a, Tests mostly helicoid around a main long axis . Buliminicae 

b. Tests mostly rotalkad . ^ + Rotaliicac 

Superfamily (1). Astrorhtztcoe 

The astrorhizids consist of arenaceous tubes which arc not divided Into 
chambers. Astrarkiza is a stellate form ranging from Jurassic to Recent. 
Irtvohiiina (widely known as AfHttiodtscur} is a plan!spiral form which has 
been reported from Silurian to Recent- These arenaceous forms can be re¬ 
covered from insoluble residues in the laboratory by gently decanting the 
fines from a block of limestone which has been dissolved in dilute acid. 
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Superfamily [2). Litudicaa 

Lituolids ire chambered, arenaceous fora min ifers. Principal morphologic 
trends in the lituolids reflect changes in shape which are illustrated in Figure 
2J, Members of one group typified by Cyclammma and Haplopfiragmoidcs 
possess coiled tests, whereas members of another group possess elongate tests. 
Representatives of the latter category can be differentiated according to how 
the chambers arc distributed in different portions of Ehc test (that is, according 
to different developmental series). Bigenerina (Fig. 3.8.5a, 5b) changes from 
biserial to uniscriaL AmmobaculitCi (Fig. 2.8.2) starts out with a spiral apex 
and becomes straight and uniserial bier on, but Spir&plcrtdmmina (Fig, 
2,8.7b) and Text filar ia (Fig, 2,8.3b) change from coiled into straight and 
hiscrial. Gaudryina (Fig* 2.8.8a, 8b) is triserial near the upex and changes 
later into bi sc rial, but davulim (Fig. 2.84) changes from tri&erial 10 uni- 
serial. 

Much work needs to be done before there can be much confidence about 
the interrelationships of these fora min ifers, but certain working hypotheses 
arc currently in vogue. By applying the Theory of Recapitulation to the 
lituolids we can refer to the developmental series above and conclude that 
Ammobaeidites. Spiraptcctamtmm , and Tex tularin were all derived from 
coiled ancestors. Also, the straight lituolids seem generally to have been de¬ 
rived from ancestors svith bi serial or triserial tests. 

One or more offshoots developed into larger foramimfers in early Creta¬ 
ceous time and slightly anticipated a similar development in other groups. 

The lituolids extend back at least to the Silurian and reached the culmina¬ 
tion of their development in the Cretaceous. They continue to be an impor¬ 
tant clement of Recent marine faunas. 


Sup-erf amity (3), Endorhyricoe 

Endothyrid foraminifers constitute a catch-all of mostly granular, calcare¬ 
ous, plan [spiral forms, plus a few arenaceous representatives. The first larger 
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forammifers ariose from within the Endothyrieae as the fusiform strain 
called fusulinids. These were so successful that they completely dominated 
Late Paleozoic protozoan faunas and provide some of the most biologically 
significant and geologically important index fossils in the whole Animal 
Kingdom. The SupcrfamiEy ranges from Devonian through Permian over 
most of the world. 
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Primitive endothyrids arc discoidal with rather rounded chambers and 
simple wall structure. This sort, typified by Endotfiyra, became a noteworthy 
roct-maker in Mississippian time (Salem limestone of Indiana) and per¬ 
sisted as a prominent constituent of calcareous sediments into Pennsylvanian 
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lime. A subsidiary strain separated fmm EndofAyra in late Mississippi!!! 
(Chester) time to become the fusiform group called fusulinids. 

FUSULINIDSi Evolution of the endo thy rids progressed very rapidly 
from the moderately tight coiling and discoidal shape of EndoiAyra (Fig, 
2^i.p) to the fusiform shape of the typical fusulinids. Successive stages in this 
morphologic series are shown in Figure 2.9, The earliest true fusulinid. Mil- 
fardi-.i, resembles Endothyra but has more advanced wall structure which 
will be discussed later. Species of MSlereita became progressively more tightly 
coiled (Fig T 2a), 1-4) until the Inner whorls at the umbilicus were concealed 
beneath later chambers. As subsequent chambers overlapped more and more 
early chambers, the tests became progressively extended along the axis of 
coiling- By the time the Eotthubcriafta stage (Fig + 2,9.5) was reached^ the 
tests were essentially globular and about 1 millimeter in diameter. By the 
time that FusaUneUa (Fig. 2,9.6) evolved, the well-known fusiform shape 
as in Fusulina (Fig 29,7, 10) was established. 

While the main line of fusulinids continued to lengthen axially, another 
morphologic trend in shape arose from it in which the equatorial dimension 
also increased. Intermediate forms such as Sc h wager inn (Fig, 29.8* [4) are 
not m every case notably swollen, but the generic name has become the root 
from which we recognize the schwageriile shape among fusulinids. Other 
schwagerinc fusulinids such as PnrudofcAwagerina (Fig, 29.15) have become 
so swollen that they are as globular as Evschuberttlla and therefore have re¬ 
versed the morphologic trend. As if this were not strange enough, Coda no- 
fusUUa (Fig. 2.9.11) and Nippon!trite (Fig, 2,9.12) both uncoiled and se¬ 
creted their adult chambers in a flat sheet, although their earlier tests are 
normally fusiform. This developmental detail is a significant instance of 
homoeornorphy because the two Genera not only are not closely related but 
their uncoiling took place at different times. It is paradoxical that these two 
isolated instances of uncoiling took place although other Genera in the same 
populations at each time retained their normally fusiform or schwagerine 
shapes, 

A second morphologic trend in fusulinids affected their size- Primitive 
fusulinids arc about 0.5 millimeter in diameter, but later forms rather eon- 
si Hentiy increased in size until the group reached its average length of that of 
a grain of wheat (or up to about eg mm). Continued extension of the axis 
led to very slender spindle-shaped tests which became as much as 6o mil¬ 
limeters (a 1 ^ in.) long and have ihe distinction of being among the largest 
Protozoa known. In the schwagerlne line, some tests were as much as 12 
millimeters (J4 in.) in diameter. 

Before taking up other trends among fusulinids it is necessary to establish 
some details of internal anatomy* These arc illustrated in Figure 2.10. The 


6 


Fvsuima 



MiHtrwIla 

Millttnlta 

MillofQlla 




CodofiofuWJo 


lib 


EosctouberfeJIp 


FusuIineUti 


EridothyiO 


ScAwage/irro 



Nippon fivlla 



PieudoLth wagertno 



14 b 

Sc^iwager ma 


Fig pm 2,9. Sliap« of Fgmliridi. 

1-6. Morphologic uricI in wbkh rciti betcrfce rtl&f# elortgair clang Iks na.ii and lh* wh*pli 
b«aiii| involgt*. 7. btnmv |F«i{^l(QA of lh* aii|, $. Eilrtm* floigali^l af «qualarial 

dlm*nfion in Khwogi*Fin* fanmi 9 a. 9 b. Sid# and *dfl# vitwi «f End&fhyru ip.„ 2Q3t r Miuiiup- 
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lttC consists of a spiral sequence of chambers, each of which is separated from 
the adjacent ones by a septum (pi. septa). The continuous spiral waU 
which separates successive layers of chambers is the spirotheca. 

1 he test consists of about 3 to 20 whorls of chambers which are separated 
into layers by a planispiral wall, the spirotheca. Within each whgc] the 
chambers are defined by successive vertical partitions, the septa, which extend 
like a curtain or wall between the two regions of a spirotheca that make up 
the J "floor FP and "ceiling" of a whorl Traces of septa on the exterior of a test 
arc septal furrows. The last or exposed septum at any stage of growth is 
called the antetheca- It bears pores, but it and the preceding one or lwd septa 
are not pierced by a foramen. This is a paradoxical situation, because each of 
the other inner sepia always bears the foramen (called a tunnel in fusulinids) 
along its lower middle portion, as in the case with other foraminifers. It seems, 
therefore, that the tunnel arises by resorption of skeletal material within the 
interior of the living organism. On the spirotheca along both sides of the 
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tunnd of some fusufinids are thickened zones (chomnta) which stand above 
the floor of the chamber like little levees. The angle it which the chomata 
diverge through successive whorts as the tunnel angle. It is useful in de¬ 
fining species. 

One qf the most important features of fusulinids is the microscopic struc¬ 
ture of the wall (Fig. 2.11}. The simptcst + earliest* and presumably most 
primitive spirotheca (Fig, 2*11,1) consists of a thin median layer, the tectum., 
which is reinforced by two accessory layers of calcitc, the inner lectori uni 
and the outer tec tori um. Secretion of the outer lectori um may lag slightly 
behind secretion of the inner tectorium; hence* some spirothccae of outer 
whorls may be only two-layered. The septa consist only of extensions of the 
inner tectorium. A wall of this type is called a prof usulinel lid wall. 

The next more advanced wall (Fig. 2.11,1) is just like a profusulindJid wall 
except that a new and very transparent layer, the diaphanotheca, is developed 
between the tectum and the inner tectorium. .All of the layers are perforated 
by minute mural pores* If deposition of inner and outer lectori* lagged be¬ 
hind growth* the outer whorls of the spirotheca may consist largely of tectum 
and diaphanotheca. A wall which has a distinct diaphanotheca is called a 
fusulinel! id wall* 

The most complex wall (Fig. 2.11.3) seems to have developed from the 
fusulinellid wall by thickening of the tectum and by loss of tire tectoria and 
diaphanotheca. In their place is a very thick layer of tissue called the kerb 
otheca. It consists of masses of tubules or spaces (alveoli) which arc separated 
by narrow walls* In sections at right angles to a spirotheca the tectum re¬ 
sembles the back of a comb and the alveolar walls simulate the teeth of a 
comb. A wall which has a kcriotheca is termed a sets wager mid wall. 

There is some correlation between wall structure and shape of fusulinids. 
ProfusufineUid and fusulinellid walls are most characteristic of fusiform 
fusulinids, whereas schwagerinid walls arc most characteristic of fusulinids 
with the globose or sdiwagertnc shape. Unfortunately, exceptions are com¬ 
mon, and there may even be a reversion to the fusulinellid wall in strains 
which had previously advanced to die stage of a schwagerinid wall. It is 
apparent* however, that the three kinds of walls can be arranged in a strati¬ 
graphic series according 10 the first appearance of a particular structure* Thus^ 
profusuline!lid walls appear first and schwagerinid walls appear last. They 
overlap each other erratically, however, in their upper stratigraphic ranges. 

Returning again to morphologic trends among fusulinids, wc see a distinct 
change in appearance of septa. Early septa tend to be plane or slightly curved, 
like a fiat screen or sheet hanging down from the ceiling of a room. Very 
early in their history, however* the septa begin to become pleated with 
drapery like folds. These are fluted septa* Fluting starts 10 affect septa near 
the ends of the axis of coiling and moves progressively toward the equatorial 
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plane with the passage of time. Thus, septa of Profutulindla (Fig. 2^2,7) are 
slightly fluted, bui those of most other fusulinids are complexly fluted. In 
Parafustdtns (Fig, 2.1 2*8) T for instance, the folds of adjacent septa have be¬ 
come so deep that ihey not only touch (like pleats in two drapes hung one in 
front of another), but the actual septal substance is resorted at these places 
near the base of the septa and fine chamber can communicate with the next 
chamber, A minor secondary foramenlike passageway is termed a cunity]us. 
1 he trend for septa to break down probably reaches its culmination in 
Folydicxadifta (Fig, a.i 3,0) in which distinct accessory tunnels traverse rows 
and rows of septa within the flanks of a test. The general increase in com- 
plexity of septal fluting is apparent from the axial sections illustrated in 
Figure 2.13. 

Compa rtmen tat ion of fusulinids is increased not only by complex fluting, 
but also by introduction of secondary, vertical septal ike dements within true 
chambers. In Lepidolin# (Fig. a, 12.10a, 10b, 10c), for instance* each primary 
chamber may be partially divided into chamber lets by septula. These incom¬ 
plete vertical plates arc disposed both axially and transversely somewhat in 
the fashion of egg-crate construction. Septula are 3 late development in 
fusulinid history. 

Another trend is for the secretion of excess calcitc along the axis as an 
axial HJlingp This goes hand in hand with increased density of packing of 
chambers along the axis. A morphologic scries illustrating increased axial 
filling is shown in Figure 2.12,3/1, hs most advanced stage the axial filling 
essentially obliterates all internal structures. 

Apparently fluting, septula, tightness of coiling, and axial filling all add 
weight to the tests of fusulinids. Perhaps these forms were adapted for a 
ben the nic existence in areas of strong currents. On the other hand, Pstttdc- 
icAwagerim started out with a tightly coded early stage (ju vena Hum) and 
then became extraordinarily lightly constructed (Fig, 2,12.1), Perhaps it even 
was planktonic at one stage. Vcr^er^im (Fig. 2 . 12 . 2 } grew from tight coils 
to loose coils and back to tight coils. 

It is obvious that thin sections are needed for study of both fusulindlid and 
sthwagermid walk as well as for adequate recognition of other internal 
morphologic features. It is customary to prepare equatorial as well as axial 
sections for study and illustration. By determining features such as [lumber 
of whorls, diameter of proloculus, degree of folding of septa, and wall struc- 

FFgun 2J2 ■oppefTf*). Stratigraphic Phl^b-ulisn af iuidinidf. 

Vertical range 1 ef the Genera typical ©F each zone are d*©wn by dalled linei. Vrrlkafc 
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TX* i?D^dj L *Kpdrao-V*rbB<frina ion* if Indicated by the abbr*viali©n Pcty. THa Vcibeijiff tone 
tl indicaltd by the abbraviatron Ve-fc\ 
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ture t a skilled paleontologist can use fusulinids with confidence in correla- 
lions. These fossils are no doubt the most important zonal indices of [he 
Pennsylvanian and Permian; in fact, some paleontologists use only the fusuli- 
mds for correlation, even if other groups of useful invertebrates are also 
present in the same collections. Various strata consist almost entirely of 
fusulinids; hence the creatures were significant rock-makers in sediments of 
shallow or epeiric seas. 

Stratigraphic distribution of fusulinids is shown in Figure 2.13, Zonation 
by Genera shown in that figure is used on a world-wide basis. 

Superfomily {4)* MllbfkQQ 

MiHolid foraminifers are calcareous but imperforate, snd most of them ate 
coiled in some fashion. Many of the simple ones resemble seeds surrounded 
by husks, but the large ones tend to he discoidal. Some of the largest known 
Protozoa and some of the most effective rock-makers are milsolid foraminifers* 
They range in age from Triassic to Recent and were particularly abundant 
after the mid-Cretaceous. 

Miltolids exemplify very well the differences between megalosphcric and 
microspheric tests in alternation of generations. Moreover, three basic kinds 
of internal anatomy of the tests are recognized, and these can be arranged in 
a striking morphologic series. All of these features are shown in Figure 2.14. 
The simplest miliolids arc typified by the Q uin qttzloculina^ In this Genus five 
chambers are visible on the exterior of the lest. Moreover, when a test is cut 
along the equatorial plane (Fig. 2.14.1a, 3), the successive chambers are ar¬ 
ranged in spiral form with such necessary increase in size and spacing that 
the chambers tend to lie along five imaginary rays which radiate from the 
proloculus. 

The next stage in the morphologic series is represented by frUoadina, in 
which three chambers are visible on the exterior of an adult test, Mcgalo 


Figi/'P 2.14 (append*), MiMdIFcqe * 1 . 
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ihawlng qu4nqottocul*« arrartgeiftfcfir of tint kvdiT chambtfl ond trilrauline orrcf^ffmieri! of 
chamber* 0 end 9 r \ 40X. 
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*P j Cr ^ c ^ sls (^S- 2 - I 44 a ) 3re completely tri loculi nc down to the proltculus 
and the first two chambers. Micmspheric tests of the species illustrated (Fig, 
2.144b). however, arc quinqucloculinc up through about the first eight 
chambers and then are tribcuhne in adult stages through the final fifteenth 
chamber. 

Tile last stage in the morphologic series is typified by Fyrgo (formerly 
called Biloeultna ) in which only two chambers arc visible in an adult test. 
Megalospheric tests (Fig. 1.14.7a) 3 « biloculine throughout. In the micro' 
spheric icsi {Fig P i.M- 7 ^ 7 e enlarged)! however* the pru loculus and about the 
hrst seven chambers reiain essentially a quinqueloculinc symmetry, Chambers 
o-io are distinctly trilnculinc in arrangement, and chambers n-16 arc dis¬ 
tinctly bi loculi ttc. 

It is clear that a complete developmental series must start with a quinque- 
log u line stage, pass through a trilnculinc stage, and terminate in a bilocultne 
stage. This sequence is the main basis for arranging the Genera in a cor¬ 
responding morphologic series of orderly increase in complexity rather than 
of decrease in complexity, if i, i s assumed that ihe Theory of Recapitulation 
can be applied to these series, then the phylogenetic or evolutionary sequence 
must have been from Quimfudoculirta through Trifacuitmi to Pyrgo. h has 
been pointed out, however, that the center of a Pyrgo is not recapitulated pre¬ 
cisely in quinqudoculine symmetry although it approaches that symmetry. 
Moreover, the three Genera cannot be arranged in a definite stratigraphic 
series because they appear more or less at the same time in the Jurassic. In 
view of these facLS more research is required before we can be sure that we 
arc dealing with an evolmtonary scries, even though the present evidence 
strongly indicates that we are. 

One strain of larger foraminifers (alveolinids) arose from the miliolids in 
mid-Cretaccous time and still survives (Fig. 2.184-6). Several minor trends 
can be recognized within this group, one of which led to the development of 
tests remarkably like those of the long-extinct Insulin ids, 

Superfomily (5), La ge niece 

Tests of lagcnid foraminifers typically are calcareous, perforate, and hyaline. 
The basic shape is flasklike as in the case of Lagena (Fig. 2,15.2-4), but 
equally common forms such as Nodosaria. DtrtfaUna, and GUn dulimt (Fig. 
2.15.7, ^ k 5b) consist of elongate Unisonal tests which might have sprung 
from a Lttgcmi -like ancestor. Another strain is represented by Rabidm (Fig. 
z| 5 9>, which is spirally coiled; and bv MargmuUna (Fig. 2.15,10), which 
seems to be mostly uncoiled or at least to retain curvature only near the apex. 
One well-known specialized side branch is typified by Frondiculiiria (Fig, 
2.15.11), which has a delicate, symmetrical, leaflike shape externally but mav 
be complicated internally. Finally, Guttulma (Fig. 2.15.1) developed in paral- 
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Irlisrn with the milioikh Quinqucloculirm^ but ihc chambers in Gumdina 
are arranged in an ascending spiral instead of in a plane, 

Lagenids may extend hack to the Cambrian, but they were insignificant 
until they appeared in great numbers during the Jurassic, They continued 
to be very abundant through the Cretaceous and are still relatively important 
in Rccetu sediments. 

SuperfomiEy { 6 ) + Sulimmkoe 

Buliminids typically are V-shaped, rather elongate* calcareous, perforate, 
and hyaline. Some partially coiled and some globular forms which arc put 
here for evolutionary reasons tend to obscure the significance of the charac¬ 
teristic elongate shape of the other members of the group (Fig. 2.16), 
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woy, 1941. 10 eft.. Bandy. 1949.) 
















SINGLE-CEILED ANIMALS 


II 

Characteristic straight Genera arc Bttlimi/ia (Fig. 2.16,10), Bolii/ina (Fig. 
2.16,9)* and Uvigtrina (Fig. 2 ,i6j, 8). Some of these are biserial and some 
resemble bunches of grapes. Morphologic series commonly can be arranged 
according to changes in strength and number ot external ridges and other 
ornament* 

Pkrtofrondicuforia retains a curved biserial apex (fig. 2,164c) but is other¬ 
wise straight and uniserial (Fig, 2.164a, 4b). Nodosardla (Fig; 2.167a, 7b) 
resembles some of the nodosarian Genera (Fig, 2. i^j6, j t 8a) very closely„ 
but Nadofaria t for instance* has a radiate aperture,, whereas Nodosarrlfa has 
a single tooth in the aperture. RectoMimna (Fig, 2,166) changes from bi- 
serial to uniserial according to the same developmental series that its Liiuolid 
counterpart, Bigcnrrina (Fig, 2,8.5)* follows. One of the most remarkable 
specialinations to be found among any foraminifers, however, is the lube nr 
siphon which is present in Siphagencrinoidcs (Fig. 2,16.2) and in Sipho- 
gtnerina (Fig, 2.16.5). h extends down the axis from the aperture in a broad 
helicoid spiral and traverses all of die chambers in the test along its course. 

Buiimiruds range from Jurassic to Recent and have been very abundant 
since Early Cretaceous. Numerous Genera have been described and many 
species constitute important guide fossils. 

Superfamily ( 7 ). Ratal iicae 

Tests of rotaliid foraminifers are characteristically discoidal, coiled, calcare¬ 
ous, perforate, and hyaline. Typical Genera are Vdvulincria (Cretaceous to 
Recent) , Cibictdcs (Cretaceous to Recent), Ghbigcrim (Cretaceous to Re¬ 
cent), Etphidium (Eocene to Recent), Rotalia (Cretaceous to Recent)* and 
Nummulifrs (Paleocene to Oligocene). it is a peculiar feature of many 
rotaliids that chambers on opposite sides of a test seem to be coiled in dif¬ 
ferent patterns (Figs. 3,17.9a* 9c; or Fig. a.ij.rja* 13c)* 

Gtebigtnmi is perhaps the best-known foraminifer because it is the prin¬ 
cipal organic constituent of glnbigcrine oozes, h has a dose relative, however, 
named Orbuiintt w r hich appears at first glance to consist of a spherical test 
with many perforations. If a translucent specimen is available* however, it 
may be seen that much of the interior of an Qrhtditta appears to be con¬ 
structed like a small Giohigerina (Fig. 2.17.3). 

Among larger foraminifers belong several important Genera of orbitoids* 
including Ntimmahtes. 

The rotaliids arc perhaps the most abundant and diverse of all the fora¬ 
minifers* Moreover* numerous excellent guide fossils are represented in the 
group* Rotaliids appeared in the Late Paleozoic and attained a plateau of 
abundance and importance which baa endured from mid-Cretaceous to 
the Recent, 
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LARGER FORAMINIFERS, All foraminifcrs mentioned and figured 

above are smaller fonammifers. except for the fusulinids, Although fusulintds 
are multilayered they ordinarily have not been termed larger foraminifcrs by 
paleontologists. Nevertheless, they definitely represent a trend within one 
Superfamijy, the Endothyricac, to evolve into complexly chambered forms. 
In fact, they represent die earliest departure of foraminifcrs along this path. 

Long after die fusulmids became extinct, three other Superfamilics in¬ 
dependently produced side branches of larger foraminifcrs (Figs. i.i8 p a.ig). 
1 he first of these later strains arose from the arenaceous lituolids during the 
Jurassic, Probably the best-known Genus within that group is Djctyoconu$ r 

Then both the milioEid and roialiid Superfamilies with calcareous tests 
produced strains of larger foraminjfers m mid Cretaceous time. Both of these 
groups are much more important than the lituolid strain is. Both strains con¬ 
sul important index fossils, and both groups arc represented abundantly so 
Recent faunas. Among the miliolids, Marginopont is best known because It 
is the most common orbitotd foraminifer living today. It is discoidal, but 
other larger mil in] ids such as Borelis are globose and some duplicate the 
shapes of the Paleozoic fusulinids to a remarkable degree (Fig, 2.18/3). 
Among the larger rotaliid foraminifcrs, vaguely lenticular forms predomi¬ 
nate. Of these, Nammuiitej is by far the best known because it makes up 
most of the mass of the nummulitic limestone (Eocene) used in construction 
of the pyramids of Egypt, Other well-known larger rotaliid foraminifcrs are 
HrtrrQSttgim and Ltpuiocydina, both Genera of which contain important 
zonal fossils in Early Ternary strata on the Gulf Coastal Plain. It is absolutely 
necessary to prepare thin sections of larger foraminifcrs in order to be con¬ 
fident of their identification. When this is done the muhirayed internal sym¬ 
metry of the miEiolids (Fig, 2- 184c, gb) or the spiral construction of the 
mtaliids (Fig. 2.18.11a) usually becomes apparent. Experts in the study of 
larger fnrammifers place special taxonomic value upon the various ways in 
which new chambers spring from the proloculus. 

The most significant general feature nf larger foraminifers p however, is 
ihdr remarkable demonstration of parallel descent. It is probable that the 
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several Supcrfamitles had diverged into separate genetic strains anywhere 
from a few million to 200 million years before first one and then the other 
of the Superfamilies gave rise to larger foraminifers. In spite of the long 
genetic isolation, the fundamental differences in composition and the dif¬ 
ferences in internal structure, many of the end products resemble each other 
to a remarkable degree in external appearance* 

Post-Paleozoic larger foraminifers are studied extensively from Cretaceous 
and Lower Tertiary strata in Europe and Asia but arc poorly represented in 
North America, except for local abundances around the margin of the Gulf 
of Mexico and the Caribbean Sea. The Vicksburg limestone (Qligoeent) of 
Mississippi contains an abundance of Lepid^cycltna. Orbitoids still live In 
shallow tropical waters in great numbers. 

ORIGIN OF FORAMINIFERS, Opinions about the origin of fora min¬ 
ders fall into two categories. According to one school of thought, the lagenid 
tests are the most primitive because they not only retain the simple flask shape 
which would be easiest for a globular cell to secrete, but the pro loculus o£ 
other foraminifers resembles the lagenosd stage. According to this theory the 
most primitive test would have been chitinous T and later tests arose from it 
by addition of calcium carbonate to the chili nous form. Arenaceous tests may 
have evolved from calcareous tests still t.iter by addition of mineral grains, or 
have evolved directly from chitinous forms. These theories have been re¬ 
flected in the writings of J. J. Galloway, one of the foremost students of 
foraminifers. 

According to the second theory, the arenaceous foraminifers passed through 
a stage in which mineral grains were suspended in a matrix of calcium car¬ 
bonate. Then calcareous tests arose from arenaceous tests by loss of mineral 
grains. The primitive shapes, therefore, would have to have been tubular at 
first and then spiral, as in the astrorhhids* This theory is supported by facts 
of stratigraphic distribution because the arenaceous foraminifers are known 
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from the Cambrian, but the calcareous foraminifcrs do not appear until the 
mid-Palcozotc, This theory has been associated with the name of Joseph 
Cushman, who was another leading student of the Foraminiferida. 

Differences of opinion exist as to whether certain globular, radiating, and 
tubular bodies in Precambrian rocks arc foraminifcrs, but the Order is 
abundant from Early Paleozoic time onward. Astrorhizids are dominant in 
Ordovician and Silurian strata, from which they commonly may be isolated 
by digesting limestone ill acid. By Devonian time ihe endolhyrids had come 
into existence, but they did not undergo their first great flare of abundance 
until die Middle Mississippi an. In Indiana and neighboring states the Salem 
limestone (Middle Mississippian) may locally consist almost entirely of 
species of Endothyra and of oolites deposited in one massive stratum up to 125 
feet thick. The simple endothyrids then recurred prominently several times 
Into the Pennsylvanian Period but arc inconspicuous in Permian strata. Their 
larger foraminiferal offshoot, the fusuiinids, originated in the Late Missis¬ 
sippian (Chester) but became fusiform only in earliest Pennsylvanian time. 
The characteristic fusiform shapes endured from Pennsylvanian into Permian 
time, but the schwagerine shape is restricted to Permian rocks. Fusulincllid 
wall structures occur in Pennsylvanian and Permian rocks and ill almost all 
cases arc associated with fusiform shapes. Keriothecal wall structure first 
appeared in the Late Pennsylvanian in tests with fusiform shapes, and it 
continued into the Permian. All fusuiinids with a schwagerine shape have a 
keriotheca. All fusuiinids became extinct by the end of the Permian. 

After a meager representation in the Triassic, the Foraminiferida ex¬ 
panded again in the Jurassic and Early Cretaceous when lagtnids and 
Utuolids became dominant. Late Cretaceous and Cenozoic strata are domi¬ 
nated by buliminids, miliofids, and rotaliids which all together constitute 
the culmination of foraminifcrs in numbers and diversity. Their rock-making 
value in Miocene and Pliocene strata is well exemplified in California where 
geologists speak of “floods’' of various species. 

Figure 2*19 shows how the Superfamilics can be assembled into two main 
groups, the larger foraminifers and the smaller foraminifcrs. The dominant 
Paleozoic foraminifcrs all over the world are the fusuiinids, which are the 
first expression of larger foraminifers. After their extinction the dominant 
Mesozoic and Cenozoic groups were smaller foraminifcrs, although several 
strains of larger foraminifers evolved. 

DEPTH ZONES, Detailed study of Recent samples dredged from the 
sea floor has shown that different populations of foraminifers are living at 
different depths in the oceans. From this information it has been possible to 
establish depth zones (environmental series discussed on pages 28-51) based 
upon the depth distribution of foraminifers. It may be true that these zones 
really arc temperature zones, because creatures seem to be more sensitive to 
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lowered temperatures at depth than they are to pressure Itself; hut it also is 
probably true shat ecologic foraminiferal zones represent complex effects on 
living organisms of temperature, pressure, light, salinity, turbulence, food* 
aridity, and suspended matter. 

Many Recent species of fora mi niters have been discovered in Upper Terti¬ 
ary sediments; therefore depth zones based upon Recent species can he recog¬ 
nized in some stratigraphic successions. Moreover, knowledge of environ¬ 
ments of Recent life zones makes it possible to interpret ecologic conditions 
which were in effect when some Tertiary sediments were being deposited- 
As we learn more about the habitat In which petroleum originated, we expect 
to be able to use fossils (particularly forammifers) to recognize regions of 
encouraging geologic conditions in which to explore tor oil and gas. 

For instance, environmental considerations affect Interpretations of deposits 
of marine Tertiary sediments which accumulated on the Gulf Coast or on 
the Pacific Coast. Exploration for oil is very active in both of these regions, 
so there is economic significance to the interpretations. 

Perhaps the more elementary application o£ ecologic studies in paleontology 
is in correlation of faunas. If two populations in nearby regions arc very 
similar it is commonly assumed that the strata in which the fossils occur are 
of the same age. Conversely, if two faunas are different, the strata commonly 
have been considered to be of different ages. The first of these working 
hypotheses is generally true, but the second needs to be qualified with 
ecologic information h because two faunas in different environments will 
always be different due to depth zonation, even though they lived at the 
same time. This is apparent in Figure 1*8, in which the Discorbis A zone lies 
between the Merer one girt a zone and the Distort:* 11 zone in well I* But in 
well 2 the Biteorhis A zone is represented by the upper part of the Meter- 
osiigim zone, which is an offshore facies. Instead of interpreting the base 
of the DiseorMr B zone as an unconformity in well 2 (because the A zone is 
missing)* the contact really is conformable; sediments in the upper part of 
the Mettrortegim zone were merely deposited in deeper water than were 
die sediments characterized by Difcorbis A* 

The more advanced application of ecologic information concerns interpre¬ 
tation of the history of a region. On the Pacific Coast, for instance, the Tertiary 
sediments accumulated in small depressions such as the Los Angeles Basin, 
It has been discovered during the geologic exploration of the Los Angeles 
Basin that oil fields there tend to produce only from sands which were de¬ 
posited in the bathyal zone. Inasmuch as many of the same species or closely 
related species of Tertiary foramlnifcrs still live in the Pacific Ocean today, 
it is possible to establish by comparison the depth of water in which the 
Tertiary sediments were deposited* Accordingly, it is recognized that the mid- 
Miocene sediments in the center of the Los Angeles Basin, for instance, ae- 
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cumulated in water about a mile deep, Thereafter the depth of water de¬ 
creased progressively through Pliocene time until finally the basin ceased to 
exist as a site of marine deposition in Pleistocene Lime. Obviously, the en¬ 
vironment on the sea floor changed radically as near-shore conditions shifted 
progressively toward the center of the basin with the passage of lime. 

Depth distribution of foraminifers also can be used in study of Tertiary 
sediments on the Gulf Coastal Plain, but in conditions which are somewhat 
different geologically from those which are present in the Los Angeles Basin, 
The Tertiary sediments of the Gulf Coastal Plain consist essentially «f a 
long-continued sequence of regressive marine deposits in which there is an 
occasional transgressive tongue. Thus, on Figure i,8, well 3 penetrated a 
notable transgression of the Discorbit D zone directed shoreward, or toward 
the left side of the figure. Other transgressive tongues are represented by the 
tongue of bathyal sediments in the offshore equivalents of the Discorbis D 
zone and in the Ihurosttgirtti zone. Differentiating between transgressive 
and regressive marine tongues in Ccnozoic deposits on the Gulf Coastal Plain 
is of major economic value because most of the commercial oil accumula¬ 
tions there occur in sands deposited during transgressions. Doris Malkin 
and Dorothy Jung Echols have shown that occurrence of some foraminifers 
such as Nonionetia cad^fieldenai (Eocene) was not confined to one bottom 
condition. Instead, these foraminifers are present in near-shore sand, but in 
mud farther out to sea where water was deeper. As transgressions progressed, 
the fine-grained offshore sediments advanced shoreward anti overlapped 
earlier accumulations of sand. N. coeftfiekiemis, however, being of short 
duration and free from control by bottom conditions, occurs in a narrow 
zone which crosses from sand into mud as the faunal zone is traced away 
from shore (down the initial dip)* Consequently, a micropaleontobgist who 
discovers that a zone of planktonic foraminifers (or other environmentally 
non restricted fossils) rises stratigraphically downdip, can interpret the phe¬ 
nomenon as evidence of a marine transgression. 

The existence of a transgressive tongue can be detected on physical evi¬ 
dence such as grain size by correlating lithologic units in a linear series of 
several wells extending seaward, and then constructing a lithologic cross 
section such as is shown in Figure liS. Or the same transgressions can be de¬ 
tected on palcontologic grounds by recognizing the sequence of depth zones 
of foraminifers such as would be encountered near the base of well 3 on 
Figure 1.8* lsraehky has shown that the time of maximum submergence in 
an area can be established by calculating the percentage of brackish-water, 
shallow-water, and deep-water foraminifers present in successive samples 
taken vertically through a sedimentary sequence. The zone of greatest rela¬ 
tive abundance of deep-water forms coincides with the time of greatest 
marine transgression- 
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Depth distribution of foraminifers is just as accurate a guide to changing 
physical conditions as is the lithology of the sediments which were deposited 
under those conditions. Moreover, if lithologies are very similar. Geologic 
studies may be the only practical way to recognize physical changes. It is 
apparent, the re tore, that coordination of physical and biologic studies pro¬ 
vides greater understanding of the geologic history of the foregoing regions 
than does the use of only one line of evidence. 

ECONOMIC MICROPALEONTOLOGY* Foraminiters are collected 
by field geologists or are recovered by mechanical devices from the cuttings 
of drilling oil wells, after which they are stored in paper or cloth sacks With 
adequate locality data attached. Smaller foraminifers generally are freed from 
matrix of shale or impure limestone by prolonged boiling if the sediment 
cannot be simply washed away through a set of graded screens. This “bug 
washing™ occupies a significant portion of the time of preparation in a micro* 
pa leonto logic laboratory acid is a source of summer or part-time employment 
for students contemplating careers in micropaleontology. Washed samples 
arc ' picked 11 under a binocular microscope by touching a damp camel's* 
hair brush with a sharp point to each desired specimen, which then sticks 10 
the brush by adhesion to the moisture. Specimens then can be attached with 
any one of several water-soluble adhesives to slides for identification and 
storage. 

In the case of larger fora mi niters, thin sections must be ground on glass 
slides by lapidary techniques so that internal structures can be studied 
Highly skilled micropaleoniologists may be sent to the location of a drilling 
oil well to "sit on the well" by making on-the-spot determinations of foramim 
ifers brought up with the cuttings. Well sitting is especially necessary when 
the downward rate of progress of the bit is so fast that there is no time to 
obtain laboratory determinations before a potential producing zone or a 
dangerous high pressure gas or water sand might be encountered. Micro- 
paleontologists cooperate w ith petroleum engineers by determining the depths 
to which wells are to be drilled and where important strata are apt to be 
encountered. 

Smaller foraminifers have become of paramount value in the petroleum 
industry in all operational areas since the first commercial use of foraminifers 
on the Gulf Coast in about 1919. In California the monotonous Miocene suc¬ 
cession of fine-grained sediments has been subdivided into foraminiferal 
zones so successfully that the names of ages and stages proposed by Kleinpdl 
in 1938 for forami n if era! zones have become more generally used than the 
erstwhile lithologic names of formations (Fig. Ij 6). Dependence upon micro- 
paleontologic control in mapping or in stratigraphic work has become so 
widespread in areas such as the Gulf Coast and California that physical 
geologists and even engineers have developed a proprietary interest in 
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Fora min ifcritla* referring to than by such familiar appellations as "foramsT 
and “bugs," Moreover, highly unorthodox abbreviations such as "VaL cal" 
and "lower Sip&Qf 1 (meaning V alvnitncria California* and a zone of 
Siphogenerina) are bandied about in casual conversation not only by geol¬ 
ogists and paleontologists but also by brokers and "<oo! pushers.” No one 
denies that economic paleontology has sold itself for at least one systematic 
category. 

SUBCLASS a. ACT I NOPOD A 

Pseudopodia of Actinopoda are arranged in stiff rays radiating from a 
central body (Fig. i.3.3, 4, 6), 

Order a. Radlolariida 

Those marine actinnpods with protoplasm differentiated into intra- and 
extracapsubr portions constitute the radiohrians. Almost all have siliceous 
tests. Although their size is normally exceedingly small, some relative giants 
arc large enough to be seen with the naked eye. In Recent seas they are 
common at most depths, whence their tests fall like a microscopic rain 
upon the sea floor* 

The complete radiolaiian animal (Fig. 1,3,6) consists of an inner, small, 
perforated central capsule containing the nucleus and dark intracapsular 
cytoplasm and a large, outer, perforated test containing pale protoplasm, or 
extracapsubr cytoplasm from which radiate the pseudopodia. Tests are 
dominantly cither spherical or helmet-shaped. In the latter instance long 
spines may project down from the rim, hut these spines are commonly 
broken during mounting of the material. Tests are mostly opaline silica, 
hut chit in commonly is present in the central capsule. A few radiolarian* 
(Fig. 3*10.3) are composed of strontium sulfate (acanthin). Diversity of the 
shape and ornamentation of the test is so great that radio] aria ns are one of 
the most diverse groups of animals known; 4217 species were described in 
one report on the “Challenger" expedition alone! 

Radiobrians are known to occur from Cambrian to Recent, with notable 
American occurrences m Devonian novaculiteof Arkansas and Texas, Juras¬ 
sic (Franciscan) chert or radiolarite of California, and Tertiary (Eocene and 
Miocene) radiobrtan earth of the Barbados Islands, California, and Mary¬ 
land. Perhaps the most important economic occurrence is in Miocene di¬ 
atom itc of California, which is the principal source of such insulating and 
filtering substances in America, 

The extreme diversity of form, long stratigraphic ranges, microscopic size, 
and fragile nature militate against their stratigraphic use, hut their abundance 
and potentially widespread distribution encourage their continued study. 
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Order b. Helioioida 

A few actinopods possess only the outer capsule or test which is not gen¬ 
erally preset vablc + Rayed pseudopodia (axopoda) are stiffened by axial fila¬ 
ments, thus warranting the common name “sun animalcules/ 1 
HclioEoans have been reported from Pleistocene lake sediments and peat 
in northern Europe. Recent occurrences are in both fresh and marine water 

(Fig- 2 , 3 . 3 . 4 )- 
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Class C. Sporozoa 

Sporozoans arc of major importance medically, inasmuch as the group 
contains parasites such as Plasmodium t the malarial organism. Locomotor 
devices arc generally lacking. They also lack hard pans and there fore are 
unlikely to occur as fossils. 


Class D* Ciliata 

Many protozoans move by means of myriad, minute, hairlikc cilia which 
cover their bodies like the fabric pile of a piece of velvet or mohair. These 
Protozoa are sometimes referred to as the Class Infusoria, but more recently 
the tendency of zoologists has been to suppress Infusoria in favor of the word 
Cdiata. "Infusoria** is a relic of former beliefs that hay and water mixtures 
(infusions) produced living animals such as Paramvccium by spontaneous 
generation. 

A few ciliates called tintinnids secrete an external, transparent, vasclike 
skeleton called a lories, which can be fossilized. Some of the loricas are glassy! 
some have one or more prismatic central layers, and others are studded with 
mineral grains. Most, have a Haring collar and a pointed caudal appendix. All 
arc tiny, being 50 to 100 microns long. 

Most of the Recent linLinnids occur in marine water, but a few arc known 
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in fresh water. Fossil species have been reported from Upper Jurassic and 
Cretaceous strata in the Mediterranean region of Europe. Cross sections of 
calcified tintinnlds may be studied in thin sections of some limestone. 

DISTRIBUTION OF RECENT MARINE PROTOZOA, Some Re¬ 
cent marine Protozoa occur in numbers such as to constitute a major source 
of sediments in the open oceans. Of principal interest are the plank conic 
foraminifers and the rad tola ria ns. both of which are major inhabitants of 
the tipper 600 feet of the ocean In most parts of the world* After these animals 
succumb, their tests drop to the ocean floor, either in shallow water or out 
in the deep sea. Although a large test of Ghbigerina may fall to ihc floor of 
the deep sea in a day, many days may elapse before tests of very small fora¬ 
minifers or of radiolarians reach bottom {about 2.5 mi). Tests may not be 
apparent in near-shore deposits because so much land-derived sediment is 
also accumulating that the presence of protozoans is masked. Out in the 
open ocean, however, vast areas of the sea floor are blanketed with oozes of 
one sort or another which are formed primarily from the skeletons of minute 
animals, plus some admixture of other sediment. 

The most common of the oozes is made up of planktonic foraminifers, of 
which GbMgerina is the most abundant of several Genera; hence, glohig- 
erinc ooze is well known, Globigerine ooze occurs at depths varying from 
about 7500 to 13,500 feet in different oceanic basins. It is the commonest deep- 
sea sediment throughout the Atlantic Ocean but is second in importance to 
red clay in the Pacific Ocean* Even 50* the southern Pacific Ocean is mostly 
underlain by globigerine ooze. Lx>cally, as on the flanks of some mid-oceanic 
ridges, so many pteropods (minute molluscs) arc incorporated in the globig^ 
erine ooze as to warrant calling that variety a “pitropod ooze*" 

Below about i5rOOO feet the solubility of calcium carbonate in sea water is 
so great that calcareous tests of foraminifers and pteropods are dissolved. 
Under these circumstances the siliceous tests of radiolamns remain, More^ 
over, they may be so abundant (over 20 to 15 per cent of the sediment) as 
to deserve the name of radiolarlan ooze. Radtolarian ooze grades laterally 
into red day below about 18,000 feet and extends down to at least 24,000 feet. 
One of the most striking patches of radiobrlan ooze is a strip which seems 
to underlie the Coumerequatorial Current just north of the equator in the 
Pacific Ocean, 

Supposed fossil oozes which have been located in outcrop at a few places 
would seem to indicate that the deep sea has been uplifted into land. This 
would be contrary to a widely held geologic belief in the permanence of 
oceanic basins. Cretaceous chalk in England, for instance, b famous as a 
foraminiferal deposit by reason of Huxley's essay "On a Piece of Chalk." In 
this case, however, the ooze consists of bottom-dwelling organisms whose 
living counterparts inhabit shalfoiv water today. The same is true of the 
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geologically well-known Lornim marl (Pleistocene) in California, This is 
really a foraminiferal sand which was deposed in only aoo to 300 feet of 
water. And so it goes for other examples with the result that no deep-sea 
forammiferal oozes are known, even though rather deep-water associations 
of bent honk foraminifers occur. Therefore, the presence oE foramini feral 
deposits does not nullify the theory of permanence of oceanic basins. 

Of the supposed fossil radio hr ian (or diatomaceous) oozes, those of the 
island of Barbados in the West Indies resemble deep-sea deposits most closely. 
It is certain, however, chat some supposed oozes are not deep-sea deposits. 
Kadiolarians are revealed in them because of the absence of masking sedi¬ 
ments. Under such circumstances other supposed outcrops of deep-sea de¬ 
posits arc generally viewed with reservations* This brings us back to the 
original observation that, after all p the parent organisms live in the surhciaJ 
waters of the ocean; hcnce f their tests can accumulate in waters of any depth 
under the proper conditions. 


QUESTIONS 

1. What characterisiks favor the use of protozoans in stratigraphic studies? 

2. What arc the disadvantages of protozoan* for stratigraphic studies? 

3. It has become popular to ascribe more significance to fusulinids in studies 
of Carboniferous rocks than to other groups o£ animals. Why is their study 
enjoying such a vogue? 

4. What does the occurrence of radiolariaru in an outcropping sediment indi¬ 
cate as to the environment of deposition? The rate of sedimentation? The 
current velocity? 

j h Why arc mkropaleantotagkts becoming increasingly concerned with Recent 
marine foraminifcral faunas? 

fk How would the parallelism of shape between the four SuperfamiLies of 
larger foraminiters be explained by a proponent of orthogenesis? Of ortho 
scLcction F 

7 + W T hat reason is there to think that Qrbuitna is a dose relative of Glo&rgttitia? 

& What characters make Bigeatrina and R&rto&ativma homoeomorphk species? 
Why are they placed in separate Genera? 

How can ccobgie distribution be used to recognize a marine transgression? 

10. What is the nature of the proof needed to discover whether or not quinque- 
locuiine foraminiiers really are the most primitive milblids? 
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SPONGES AND SPONGELIKE ORGANISMS 


PHYLUM II. PORIFERA 

Growth forms of sponges range from flat incrustations to hummocky balls, 
vaselike or hand-shaped erect growths, and fan-shaped expansions. The di¬ 
rection of growth is governed by vicissitudes o£ the substratum on which they 
grow and by the water currents which bathe them, so even the different in¬ 
dividuals of one species cannot be expected to resemble each other closely 
in external form. The common bath sponges exemplify the variability of 
Porifera in external form, but soft sponges of this sort are typical neither of 
most of the common fossil sponges nor of all living sponges. Most sponges 
contain needlelike skeletal dements which are either scattered through the 
body tissue or are fused into a hard supporting boxwork. 

Most sponges are marine, living in waters which vary greatly in depth, 
from the strand line to the abyssal zone, A few inhabit fresh water. Sponges 
are gregarious, that is, they tend to grow close together but in isolated 
patches. Accordingly, their occurrence in the stratigraphic record is erratic, 
but they may make good zonal fossils of very local nature. It is probable that 
fossil sponges are of more common occurrence than is indicated by paleonto- 
logic reports, because they are of indefinite shape and may be mistaken for 
concretions or for some vague sedimentary bulge on a be tiding plane. 

The body wall of a sponge is composed somewhat rudely of three layers, 
but these layers are not all the same as the three layers in higher animals. 
If the outer layer of the Porifera consists of a pavement of cells it can be 
termed ectoderm, as in the higher animals. Some sponges, however, are in¬ 
vested with a noncellular sheath or cuticle instead of an ectoderm. The inner 
layer of cells is composed of collar-bearing flagellated cells called ehoanocytes 
(Fig. 3.1.2). Rhythmic beating of the flagella creates currents of water which 
circulate through pores or passageways in the body wall of the sponge. More¬ 
over, the flagella trap particles of food which arc ingested into the choanocyccs 
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and arc digested there. The layer of choanncytes corresponds rough I v to rhr 
endoderm of higher animals. Between the ectoderm and 
choanocytes is the third layer of tissue, which is called the mesenchyme. It 
is analogous to the mesoderm of higher animals but scarcely resembles it. 
Instead, the mesenchyme of Pnrifera consists of a matrix of no acellular 
Jellylike mesogtoca in which are suspended various sorts of cells and a variety 
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of needlclike skeletal dements, the spicules. The spicules are secreted by one 
special group of amoeboid cells called scteroblasis (Fig, 3 - 2 - 2 ) which move 
through ihe mesenchyme. Another group of amoeboid cells assists in the 
digestive process and serves as a circulatory system by transporting nutriment 
to other cells; moreover, these same cells carry on all reproductive functions 
of the animals. A third group of cells, the spongioblasts, secretes the horny 
fibers of spongin which make up the main mass of a bath sponge. Still other 
cells serve as connective cells between the inner and outer layers, and a final 
group of contractile cells functions as muscles to close openings or to adjust 
the position of the sponge. Many of these cells migrate amoeba-fash ion 
through the mesogtoca, and even dermal cells may pass from one layer to 
another via the mcsogloca, Cellular differentiation is so primitive that a cell 
may function as a choanocytc for a time, but then become amoeboid and 
migrate to another place and take on another function. It is apparent that 
sponge cells are not only individualistic but are amply adaptable to changing 
requirements. A sponge can be cut up into small pieces, each of which will 
continue to grow; and growing sponges can fuse together physiologically 
into larger colonics. Finally, if sponges arc rubbed through a sieve and the 
separate cells are allowed to settle out suspended in their associated meso- 
gloea, they will reorient themselves into a new colony and continue to grow, 
The primitive state of organization of the sponges caused many early 
naturalists to classify these creatures among the plants, Sponges occasional 
greenish color, lack of differentiation into organs, and completely sedentary 
habit lent credence to the early belief. As a result of the indecision as to 
whether sponges are plants or animals, they were appropriately known as 
'‘zoophytes’’ by other naturalists. The fact is, however, that Porifera are truly 
animals, being unable to survive for more than a few days without having 
access to some source of food. Sponges lack nervous, respiratory, circulatory, 
and locomotor organs; and only a simulated digestive apparatus is developed. 
Sponges are sort of superaggregates of protozoan like cells in which inter¬ 
dependence of cells >s at its lowest level. Some zoologists recognize the 
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singular status of Porifcra by putting this group in a separate systematic 
Subklngdom, the Parazoa, to differentiate them from Protozoa on the one 
hand and from all higher animals, the Metazoa, on the other* 

The most fundamental differences among sponges seem to be reflected in 
the complexity of the food-gathering system. In the simplest stage of sponge 
development die organism resembles a narrow-necked vase with its thin 
walls perforated by small pores. Usually several vastlike individuals grow' 
together in a colony. The inner surface of a colony and In some cases the 
lining of the pres are paved with choanocytes {Fig. 3,1.3). Water enters 
the pores, flows across the blankets of dioanocytes in ihc paragastnc cavity, 
and passes out through the large recurrent pore (oscuLe). Sponges of this 
simple type are said to have the asconoid type of architecture. Asconoid 
architecture is not commonly seen in mature sponges, but it is represented 
in the very youthful developmental stages of some calcareous sponges. 
Increase in the digestive ability of sponges is brought about simply by ad¬ 
dition of new ehormocytes rather than by perfecting a true digestive system 
through improved cooperation among cells, Merc addition of new* paragastric 
chambers does not increase the digestive efficiency hut only the size of the 
colony. Likewise, increase in size of each individual not only does not in¬ 
crease efficiency of food-gathering ability, but it limits the growth of an in¬ 
dividual because the sponge wall is unable to support a Large body. The 
result is that in sponges there have developed ingenious methods of folding 
the body wall so that the digestive area increases but the size remains the 
same, supporting strength is improved, and sediment has less chance of ob¬ 
structing the choanocytes. 

One simple method of folding the body wall is seen in Grand# and Sycctta 
(Fig. 3,1*2* 4). In Syctfta the body wall bulges out in moundlike nodes, the 
hollow centers of which bear all of the choanocytes; and the paragastric 
cavity has no digestive function at alh A more advanced and much more 
typical development is for the body wall to be accordion-pleated into pairs 
of passageways, one of which necessarily opens outward and the other opens 
inward (Fig- 3.1.1). Naturally, after pleating has taken place the choanocytes 
line opposite sides of the outfolded transverse chamber and the pores which 
were strictly external in ascon sponges now are arranged Internally along 
the walls of the infolded transverse chamber. Water enters through the new 
incurrent pore* pusses along an incuoent canal* then enters the flagellated 
exturrem canal through the true pores, and passes into the paragastrk cavity 
through the new recurrent pore. Sponges of this rather common type are 
said to have the syconoid type of architecture* 

Progressive compaction of the body wall and concentration of the flagel¬ 
lated chambers produce leuconoid architecture. In radial leuconoid sponges 
(Fig. 3.1.5) many small incurrent canals coalesce into a few large flagellated 
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canals. Water still flows into a paragastric cavity and out through an oscule 
as in Figure The most advanced kind ot sponge (Fig* 3.1.6) is a 

special leuconoid type in which the flagellated cells are confined id spherical 
chambers ihai are buried deeply in the body wall. These sponges sometimes 
are said to have riiagonnid architecture. In them the water passes through 
incurrent canals into the flagellated chambers* then through special excurrent 
canals into die paragastric cavity and out through the oscule. Nearly all 
living and fossil sponges are constructed on the most complex (leuconoid or 
rhagonoid) architectural plans. 

In no sponge are any organs homologous with a stomach or with □ diges¬ 
tive track. Nor are the external pores of asconoid sponges homologous with 
the external pores of sy conoid or leuconoid sponges. It was the presence of the 
poriferous surface* however* which suggested the name Porlfera for die 
Phylum. Curiously, although the sponges were known from classical times, 
the method of circulation of water through them was not demonstrated until 
1815. 

Sponges proliferate offshoots from the parent colony by budding* in which 
a new tubular extension grows up from the basal expansion or from the side 
of a previous growth. If* iin rare cases, one of these new shoots should become 
detached, it can start a new colony* sponges, however* generally must rely 
on sexual reproduction for distribution of the group. Larval stages may last 
several days, during which dmc the free-swimming form may drift many 
miles on the ocean currents* Fresh-water sponges are capable of forming 
special aggregates of cells into a droughwesistant resting stage called a 
gemmulc- When living conditions become adverse the gcmniule breaks away 
from the parent and drifts off (possibly even to be blown about by winds!) 
to form a new colony after favorable conditions return and the gemmulc 
can renew growth, 

SKELETAL STRUCTURES, The necessity of keeping the canals open 
for circulation of water is correlated with the development of adequate sup¬ 
porting skeletal elements. To be sure* some simple types lack hard skeletons 
and are supported only by gelatinous mesenchyme. Other sponges, however, 
secrete a horny organic substance. spongin* as threads throughout the mesen¬ 
chyme. Spongin is familiar as the substance present in bath sponges (all 
cellular tissue around the fibers having been removed prior to marketing). 
Unfortunately for the geologic record* spongin decomposes after the death of 
the organism and is not likely to be found fossilised. 

Most sponge remains consist of minute siliceous or calcareous needles, 
hooks* or plates which are embedded in the tissues as interlocking spicules. 
These spicules may be so matted or even fused together that the original 
shape of the sponge is preserved after death, or the loose spicules may fall 
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apart and be scattered over the ocean Root. Some sponges arc able to pick 
up organic nr inorganic foreign bodies. These include tiny skeletal dements 
of radiolarians, diatoms* and fora mini Lets ; spicules of other sponges + or just 
mineral grains ot fragments of broken molluscs. Debris of this sort com¬ 
monly incrasls the surface, but the fragments also are transported by wander¬ 
ing amoeboid cells down into inner regions of the mesenchyme where they 
are incorporated into the natural skeletal system as peculiar erratics* Thus, 
a sponge may consist of spongin* of spicules, of foreign bodies* or of a 
combination of spongin and spicules. 

Spicules are composed of two different chemical compounds, the most 
common being hydrous silica (opal) and the other being calcium carbonate 
(cakite), Calcareous spicules arc commonly silk shed after burial and thereby 
simulate natural siliceous spicules. Contrariwise, original siliceous spicules 
can be dissolved from argillaceous rocks by ground water and the molds 
may be filled secondarily with cakite (or with limomte) as casts which 
thereby simulate calcareous spicules. 

Spicules attain two general sizes. The larger ones, megasderes, may be 
represented by silky strands several millimeters long, or they may be so 
small that they arc barely visible to the unaided eye (about 0.3 mm long). 
Mcgasderes comprise the main mass of the skeleton of a sponge, A minute 
canal commonly occupies the as is of many megasdcrcs. The smaller spicules* 
microscleres, are too small 10 be seen with the unaided eye (about 0*01 to 
0,1 mm long). Microscleres serve as auxiliary reinforcement of bodies, par¬ 
ticularly around pores in the body wall. Both megasdercs and microscleres 
commonly are present in an individual spongc T 

Specialists have named numerous modifications in the geometric con¬ 
struction of spicules* but the various kinds can he grouped into a few simple 
basic types, depending upon the number of axes or rays present. Thus, rays 
of sponge spicules grow along imaginary lines which are analogous 10 axes 
of symmetry of crystals. Some of the various kinds of spicules are illustrated 
in Figure 3*2- 

Mon axon spicules are elongate needles, either straight or curved, smooth or 
spinose, pointed or blunt, and possibly even knobbed at one or both ends. 

Triaxon spicules may form in one plane or in three dimensions. In planar 
spicules the three rays do not intersect, but diverge from a common point 
along three axes lao degrees apart. One ray may be much longer than the 
other two, and the two shorter ones may converge at various angles to join 
one end of the tong ray. One special kind of triaxon spicule is shaped like 
a tuning fork. In three-dimensional L if taxon spicules, the three rays pass at 
right angles to each other through a common point and arc analogous to 
the three axes of symmetry in the isometric system of crystallography. In 
these latter forms the six halves of the rays about the common point produce 
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hexactinc spicules. Hcxactiric spicules usually have one extremely Jong ray 
and two very short ones, and the skeletal elements seem at first glance to 
consist of bundles o£ spun glass (Fig. 3 -^ 2 )- ra F a tcxactmc spicule 
may be aborted to form five-rayed spicules. 

Rays of tetraxon spicules arc arranged precisely like the four axes of 
symmetry in the tetragonal system of crystallography* The resulting spicule 
normally consists of four equally long rays symmetrica lly disposed about a 
common pointy hcncc ? a tetraxon spicule of this son will always stand upon 
three rays and keep the fourth ray pointing straight up. These are caldirups 
spicules. In other letraxons, referred to as iriaencs, one ray is much longer 
than the others., or the remaining three rays are variously curved, recurved, 
or branched. Members of one extremely aberrant group of tctraxrms, called 
dcsuias, have lost almost all evidence of fundamental tetragonal construction 
by adding shapeless secondary excrescences and auxiliary projections. These 
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spicules commonly are fused together Eo form solid masses, but even then, 
some trace of tetraxon symmetry may remain (Fig. 34,9)* 

Polyaxons, as the name implies* are multirayed. A bail-like aggregation of 
shore spines is a heteractine spicule or an asierattine spicule. An eight-rayed 
form with sh rays in one plane and two at right angles to this plane Ls called 
an octactine spicule. 

Birotides consist of two buttonlikc or star-shaped discs connected by a rod, 
the whole assemblage reminding one of two wheels on an axle. 

Sigmas are S-shaped or C-shapcd spicules, 

CLASSIFICATION* Recognition of fossil sponges from chemical com¬ 
position and shape of spicules alone h almost impossible* except in some 
extraordinary circumstance. II bodily shape is preserved, it is of some assis¬ 
tance in classifying groups in which individual variation is slight. Archi¬ 
tectural features of the folded body wall are also important but usually are 
not preserved. Most classifications reflect efforts 10 incorporate the foregoing 
factors in some compatible fashion. The classification used here combines 
features of several classifications, but is weighted to emphasize groups com¬ 
monly encountered as fossils. Because of the presence of choanocytes it is 
possible that the Porifera evoked from the Choanoflagellata through some 
transitional form such as Proirrospangk (Fig. 

Phylum II- Porifera 
Class A. Demospongca 
Order 1. Mjxospongida 
Order 2. Keratosida 
Order 3. Monscttntllida 
Order 4. Tctractmcllida 
Order 5. Lirhistida 
Order 6. Hettraeunellida 
Class B. Hyalospongca 
Class C, Gakkpongea 
Ineeme sedis 

Receptatulices 

Ischadites 

PHYLUM II. PORIFERA 

Porifera are relatively undifferentiated organisms with pores for the en¬ 
trance of water into canals and with digestion carried on by choanocytes* 
Skeletons consist of spongin fibers or of spicules. 

Class A. Dem ospongea 

Demospongea may lack spicules or have skeletons of spongin or silica or 
of mixtures of spongin and silica. Bodies are of the most advanced leuconoid 
architecture (rhagoncM). 
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Order T. Myxospcngldo 

These are the soft sponges without skeletal materEaL No fossils are known* 

Order 2 . Kero to si da 

Sponges with only spongin in their skeletons, such as the bath sponges, 
Spangip and Euspongia. be Song here. No fossils are certainly known* but 
impressions assignee! to the Keratosida have been reported from rocks as old 
as the Carboniferous, 


Order 3. MonaeHnellida 

The monactincllids are, of course, those sponges whose spicular symmetry 
is monaxon. Mixtures of spongin with the siliceous spicules are common, 
Moaaoindlid spicules abound in many Recent marine sediments and have 
been reported sporadically From strata as old as the Cambrian. 

Cthm* the sulfur sponge, or boring sponge, U a well-known monactinellid 
representative in modern seas. It burrows into shells of oysters and other 
organisms, forming closely packed holes about i millimeter in diameter 
which ramify all through the substance of the shell {Fig. 3,3^1), Thoroughly 
infested shells may be so riddled that they fall apart readily when the sponge 
dies; thus, Cliona not only adds spicules to sedimentary deposits, but con¬ 
tributes to the disintegration of shells whose fragments then become part 
of the sediments. In Recent seas Cliona can infest shells of oysters so 
thoroughly as to make them unfit for market. Either the shells crumble 
during shipping or the sponge gives off a sulfurous odor which masks the 
delicate flavor of the oyster. Fossil specimens of Clio* sa-like borings from the 
Devonian have been termed Ciionolhhrs and CUonoides* 

SpQHfftta and Mycnia, two common freshwater sponges in the Recent, 
commonly produce both monaxons and birotufcs which may occur in lake 
sediments. Many freshwater sponges related to Spongitfa reproduce by 
gemmules (Fig, 3.3.6). Moreover, some members contain chlorophyll in their 
tissues and can manufacture part of their own food the way plants do, 
Spongtlta has been reported from strata as old as the Jurassic. 

Order 4. Tatraclinellido 

Spicules of the tetraxon type occur sporadically through the stratigraphic 
record, but the group is particularly notable in sediments ranging in age 
from Pennsylvanian to Recent (Fig. 3.37-9)- Recognizable Genera have been 
found only rarely. 

Order 5, lithirtida 

Although lithisttd sponge spicules are technically tetraxons, they fuse to¬ 
gether to make durable skeletal masses which commonly retain their original 
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shapes after death. Accor Jingly* this Order contains the most abundant of 
all fossil sponges, Spiaites arc of the peculiar and aberrant desma type. 
Lichmitl nr stony sponges arc mostly globular to pear-shaped, but there are 
many cup-shaped and stacked forms, 

Ttic most abundant American fossil sponges are Astylaspongiu and its dose 
relatives (Fig, 3^4-6) h Asiylospongia is a globular sponge with a very shal¬ 
low cloaca on the upper surface into which the exeurnem canals empty. The 
whole colony is melon-shaped because the sides are grooved. Caryomanon 
is like Ajtyloipongi& , but hck& the depressed cloacal cavity and may have 
less distinctly grooved sides. Mkmgonpa (also known as Hirnfia) is also 
globular, but its long straight canals are met by short transverse canals to 
make a ladder-shaped succession of internal molds. These Genera occur 
locally in such Large numbers as to be major ruck-formers, as in the Middle 
Silurian of Tennessee. 

No additional lithistids were common until Jurassic and Cretaceous time 
when the greatest flare of the Order occurred* }erea and LciodoreUa (Fig, 
342 , 3), as well as Stphonia and Verrucuima, arc well-known Mesozoic 
Genera, some of which lived into the Tcrjtiary Period. Conillhtes (Fig 14 1) 
.s a widespread Tertiary and Recent Genus. Although liihistid sponges are 
important constituents of Mesozoic rocks in Europe, they arc relatively in¬ 
significant components of fossil faunas in North America. 


Order 6. Huteractineltido 

Early spicubr forms such as arc represented in the Cambrian by the 
biflelta and Chancellors bear from four to nmc rays (Fig. 3,54, 5) although 
six m one plane are common. At an early stage in the sequence of Heterac- 
tmelhda, however, the true octactine spicule is recognizable. In fact, sponges 

Or ‘T n'f 1 SP1CU!C l[i |r T caifs arc “S^gated as a separate Order, the 
Octauinelhda. home soxalied oetactmeUid,. however, have lost one or two 

rays or have added an extra one, so they grade into other Heteractindlida. 

. WeMn ° Wn Gcnus ^ Silurian strata of the midcon- 
unent (Fig. 3.5,3). 1, is an important rock-maker along with the lithistids 

rJSST- - * ^ nu,i Thc “Shaped colonies are about 

ri t "l T C " r" L C SpiCuK « of ** -Sht rays lie in a plane 
parai el with the surface of the colony, whereas the other two rays are dis¬ 
posed at nght angles to thts plane; one ray is buried in the interior and one 
ray stands out freely Inasmuch as thc free ray usually is broken off. true 
symmetrical distribution of rays i s hard to diagnose from cursory examt- 

Increase in the number of axes of symmetry continues in the hexacimellids 
until eventually so many axes are present that no symmetry can be detected 
These are the true hei exact me spicules. No colonies have been recognized but 
thenar spicules abound m some Carboniferous strata i„ Nol America 
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and in Europe. AttervcUneUa is the most common Genus. Its spicules (Fig. 
3,5.1, 2) are stibsphercidal aggregations of stubby spines which resemble a 
medieval spiked ball carried by warrior*. The Heteractincllida comprise a 
small Order which appeared in the Early Cambrian and became an im¬ 
portant rock maker ill Silurian strata of North America and Europe. Its last 
sparse descendants succumbed in Late Permian time. 


Class B. Hyqlos ponged 

Those sponges which have iriaxon or modified triaxon siliceous spicules 
arc commonly assigned to this Class. The typical spicular form is six-rayed 
(hcxactincllid), but one or two rays in one axis may be suppressed to form 
five-rayed or four-rayed spicules. Recent hcxaciinellid sponges, such as 
Eupltculla, are among the most beautiful and elegant of animals, their 
fibrous tubular skeletons being referred to as glass sponges (Fig. 3,6.x. 3). 

The simplest hexattinellid spicules are the true hexactines with their three 
axes of symmetry and with six subequal rays. In primitive forms and in 
young stages the tips of rays in adjacent hexactines may overbp (Fig. 3.6.5), 
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hut in more advanced stages the neighboring rays may fuse to create a solid 
boxwork (Fig. Jn both of these cases the hexaaines are megasdcrcs. 

Tiny microsdenes are distributed among the coarse skeletal tissue in both 
of the foregoing forms. A trend for continual and excessive elongation of 
rays along two axes of symmetry eventually leads to the typically spun glass 
appearance of the glass sponges (Fig_ 3,62), In ibis form each square orifice 
in the skeleton of living individuals was ringed with soft tissue around a 
pore; and this ring was supported by very numerous rnicrosclercs p some of 
which were tiny treelike forms (Fig. ^ii. 11) whose tips pointed inward 
toward the pore. 

Cdass sponges w r ith rather loosely arranged fibers outlining subrectangular 
perforations arc called [yassadne sponges. They arc represented by the 
spherical PfQtospongid in Cambrian rocks or by disassociated patches of 
spicules which resemble fragments of rotten screen wine. Then, after modest 
representation in Ordovician rocks, the group reached a spectacular culmina¬ 
tion in [he Late Devonian when Dictyospongia, Hydnoctras, and Prisma - 
dictya were common forms. Several great colonies of lyssacine sponges occur 
across a total of 150 miles of outcrops in southern New York and northern 
Pennsylvania. Ttic 90 or more Devonian species which lived there inhabited 
sandy facies of the Chemung group, becoming rare in finer or more calcare¬ 
ous facies. Cross sextans of these conical lysweine sponges changed progres¬ 
sively from elliptical to hexagonal, and the smooth surface eventually became 
nodose or concentrically ridged during their evolution. Lyssacine sponges 
declined sharply in abundance in Early Mississippjan time when they ap¬ 
parently migrated into deeper water* In Recent seas they are represented by 
the well-known "Venus 1 flower basket 11 which lives in abyssal waters. Inas¬ 
much as the Devonian lyssacine sponges probably lived in no more than 300 
feet of water, and possibly in much less, it is obvious that this group of 
sponges has undergone phenomenal change in its environmental require¬ 
ments. Only rarely has a transition of this magnitude been discovered in 
ecology. 
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After the decline of the lyssaciiies* the glass sponges In general were unim¬ 
portant until another branch, the dictyonines, underwent a flare in the 
Cretaceous. Dictyomne sponges resemble lyssacme sponges* except that their 
fibrous spicules delineate regularly arranged, quadrate pores. Trcmadictyon 
(Fig. 3^.19) is a European fossil example, and Hex&tfinelh and Furren 
(Fig. 3.6.4., 3) arc characteristic Recent Genera. 

At the same time that the dictyonines became abundant., a third group, the 
Jychniskld sponges, underwent a notable increase in abundance. Lychniskid 
spicules resemble those of other hcxactindlids, but distinctive diagonal 
braces like flying buttresses cross each of the twelve angles where the three 
axes intersect (Fig. 3,6.18). The resulting geometrical figure is like an ancient 
open-work Greek bmp; hence the name lychniskid, which is derived from 
the Greek word for lamp. Ventriculites (Fig. 3*6.17) is a well-known 
Cretaceous Genus, but Recent seas contain very few lychniskid sponges* 

Taken as a whole, the hcxacunellids are abyssal organisms in Recent seas. 
The "Challenger IP expedition dredged 47, out of 100 species of hexactinclUds 
recorded, from more than 6000 feet (1000 m) of water. The shallowest col¬ 
lection came from 870 feet and the deepest from almost 17,000 feet. The living 
hexactincllids arc abundant near the Philippine Islands* in the Indian Occan p 
and off Bermuda. 


Class C* Calcrspongea 

Architecture of the body wall and shape of the colony are important 
features in classifying the Cakbpongea. These sponges (Fig. 3.7) secrete 
calcareous spicules hut do not produce other skeletal materials* Of their 
spicules, the pharetroncs are most distinctive, being restricted to this group. 
Moreover, monaxons, tetragons* and other kinds of trbxons in addition to 
pharetrones may be present. Galcispnngea, or Calcatea as they are sometimes 
called, are common in Recent marine waters shallower than 2300 feet. 

Amblysiphondla from the Pennsylvanian and Permian of many countries, 
and Girtycoclia, from Pennsylvanian strata in the midcontinem, are repre¬ 
sentative Genera, GirtycocUa has a poriferous central tube surrounded by 
a poriferous outer walk between which is a broad chamber. Barroisia is a 
common calcareous sponge in the British Cretaceous. Eudea (Fig, 3.7.7} 
represents a somewhat earlier (Jurassic) flare of the Class in the Mesozoic. 

In Recent seas Sycan is notable because its wall structure is die standard 
example of the simply folded stage. 

Incertag Sedis 

One docs not realize how dependent paleontology is upon zoology until 
a group of fossil creatures is discovered which has no living counterparts 
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By placing such groups each time in a special category, "Inccrtac Sedis*’ 
(position unknown), a systematise conveys their singular characteristics. In 
some eases the degree of our ignorance concerns position at the specific or 
generic level, bur in other cases the magnitude of structural peculiarity may 
be much higher, even up to the ranks of Phylum or Kingdom. This latter 
condition is true of the organisms illustrated in Figures 3.8 and 3,9. 

Keceptaculites is the most common and widespread member of a group of 
ii so-called Genera which have never been assigned with much confidence 
to any systematic group. Qualified observers have variously concluded that 
these strange creatures arc protozoans, sponges, eoclcnteraies, cystoids, tuni- 
cates, pine cones, calcareous algae, a transitional stage between sponges and 
corals, or a distinctive group not closely related to anything else. As com¬ 
monly preserved in the rocks, Rccepiaculites seemingly consists of hollow', 
dish like, globular, conical, or fingerlike calcareous bodies ranging from 
abouL an inch to almost a foot in diameter. It is doubtful if a complete in¬ 
dividual has been discovered, even though specimens occur by the thousand 
at some localities. As usually preserved they seemingly lack any upper por¬ 
tion, so it is not known for sure if they were truly globular or were dish- 
shaped. Their lower portions arc essentially hemispherical, but the avi^l 
part of the broadly concave central area generally is occupied by a small 
mound or protuberance. 

Walls of receptaculitids are two- or thrcc-layered. The external layer con¬ 
sists of rhomhic or hexagonal plates which fit together rather tightly along 
their margins and simulate scales. They are arranged in spiral rows, the 
individual elements of which increase in size toward the periphery. Pro¬ 
jecting radially inward from each scale is a shaft (Fig, 3.8.5b) which bears 
a four-rayed cross at its inner end or has a simple, tapered, innermost end. 
In some instances the shaft is shortened to resemble the shank of a cuff link 
or it is aborted and the stellate cross is appressed against the under surface 
of the plate (Fig. 3.8.5c). The shafts seem to have been hollow cylinders in 
life, although they are now generally filled with calcite. Each shaft has a 
narrow neck just beneath the polygonal head, so that a zone of shallow 
chambers lies underneath the polygons. Matrix of sediment fills spaces be¬ 
tween shafts as well as filling the aforementioned chambers and the central 
cavity of the colony; all of these outline potential circulatory paths through 
the wall and into a central cavity. Access of water would have to have been 
around the edges of the polygons. 

Receptaculitids are placed with the sponges in this book because of their 
apparent circulatory passages, rudely spieular (modified triaxons?) shafts 
with heads and crosses, and because a thin layer of loosely matted ncedldike 
spicules covers the polygons in thin sections observed from one specimen. 
This latter feature is like surfidal mats of spicules on Recent sponges. 
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Rcccpraculiici was a major rock-maker in Medial Ordovician (Trenton) 
time in Minnesota, Wisconsin, and Missouri, and in Nevada and Utah. 
Moreover, the group flourished in other continents at the same time, being 
a fine example of widely distributed and readily identifiable fossils. The last 
descendants died in the Devonian, but only the Middle Ordovician flare is 
noteworthy, 

hchadius resembles RtcepiticuUtcs but is almost always dolomitized (Fig. 
3.8.1), thus, the long shafts of spicule!ike polygons were dissolved, leaving 
radial tubes in a dolomite matrix. These falsclv resemble sponges even more 
than does ReceptuculUcs. 


PHYLUM III. ARCHAEOCYATHA 

Archacocyathids are peculiarly qualified to titillate the curiosity of paleon¬ 
tologists because they not only occupy an anomalous systematic position in 
the Animal Kingdom, but they arc the first reef-forming animals. Paradoxi¬ 
cally, then, we are essentially ignorant of the relationships of one of the most 
abundant Cambrian organisms. 

Archacocyathids, as the name implies, are the "ancient cups," which stood 
balanced on the tips of open cones attached to the sea floor (Fig. 3^). Cross 
sections of cylindrical forms vary between circular and ovate. Lengths of 
archacocyathids range from about 1 inch (1.5 cm) to perhaps 4 inches (10 
cm), but most specimens are less than 2 inches (5 cm) long. The exterior 
surface of the organism was composed of a thin outer wall which bore minute 
pores. Pore patterns are useful in classifying Archaeocyatha. 

In many cases a cavity occupied the central region of the cone and was 
bounded by a poriferous inner wall. Some inner walls bore bars, rods, hooks, 
and so forth, and others were veneered with a layer of vesicular tissue. In 
fact the vesicular tissue even filled die centra! cavity in some archaeo- 
cya 1 s. eiv.ccn the inner and outer walls was a space, the intervallum, 
which was commonly subdivided by vertical perforate plates resembling 
septa of corals but termed parities (sing, paries). In a few forms the inter¬ 
val urn was additionally subdivided by horizontal dements (tabulae), as 

well as by pieties, to form cubical chambers. All skeletal material is 
calcareous. 

After a fashion reminiscent of receptaculitids, the archacocyathids have 

en re.[•rice. Il! a variety of systematic groups, but not with any widespread 
eoratTw 1 ^enuNsts. Calcareous algae, protozoans, sponges, and 

C Zt S y l*r ; 1 y , n *3* 0f 35 ***** but most opinion 

^ , ha ! A^chaeocyatliids cither constitute a Class of sponges or 
should be placed near sponges in classifications because both groups are 
porous. In recent publications OkuBi* and some other paleontologists have 
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raised die archacocyathids to the rank of Phylum, This course is adopted 
herein, 

North American archacceyaihids lived strictly during the Early Cambrian, 
occurring in association with the Mesonacis triiobite fauna, but a few de- 
seen dan is survived into the Medial Cambrian in Asia, The best-known oc¬ 
currence is in Australia, where they became major rock-formers in the Early 
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Combrian H Similar abundance over a smaller area Is recorded from ihe 
Waucoba region just west of Death Valley, California. 

Ethmophyiinm is a common dembk-watkd archaeocyaihid with an open 
central cavity (Fig, 3.9,8}. In Protopharcira the central cavity is almost filled 
with vesicular tissue which merges with the inner wall (Fig. 3.9.7). 

QUESTIONS 

1, Wh.il a re the limitations in use of architecture* ahape, chemical composition, 
and spirtdar form in classification of sponges? 

2, How does the ccologic distribution of the Recent Hexaetincliida affect the 
wording of the Law of Uni formats nanism ? 

3, Which feature of Arch.ieocyatha resemble sponges? 

4, Why are I it hi si id sponges rarely teen in zoologLC collections* 

5, From what group of Protozoa did the Porkers probably arise? 
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LOWER COELENTERATES 

(Including Graptolites, Sfromatoporoids, and Conularioids] 


PHYLUM IV* COElENTERATA 

THE LIVING ORGANISMS* Goelemerates comprise not only the well' 
known corals and marine jellyfish,. but also a host of small shrubby growths 
and die ctenophorcs which resemble ciliated gooseberries. Most coelcnteraies 
are marine, but others inhabit fresh water, and some of the latter even pro¬ 
duce small jellyfish which occasionally astonish people who observe them in 
fresh water. The only coelenterates which secrete durable skeletons (corals, 
for instance) are strictly marine. They are especially abundant in shallow 
water where they comprise the principal reef-making: organisms in the 
geologic record. Many coelenterates arc sedentary throughout life so they 
depend upon tree-living larval stages for their distribution. Others are plank¬ 
tonic creatures that may drift freely over the oceans, StiU others become 
attached either to the bottom or to floating objects and therefore are sec¬ 
ondarily planktonic. 

Bodies of coelenterates consist of three layers reminiscent of those in 
sponges. The thin ectoderm and the thick endoderm are separated by the 
jelly like mesogloea. In jellyfish the rnesogloea makes up almost all of the 
bulk of the animal, but in sedentary coelenterates such as corals the mcsogloea 
is very thin, and the layer containing it becomes increasingly cellular. 

The first real indication of differentiation of tissues into organs is found 
in the codcnterates* Their primary advance over Protozoa or Porifera, and 
the feature from which they derive their name, is the development of a 
true baglike digestive cavity or rqcktttcron* The simplest coelenterates ingest 
or swallow food through an oral port directly into the coelenteron (Fig. 
4*14), but more advanced coelenterates have a round or si it like mouth which 
leads through a tubular stomodacum into the coelenteron (Fig, 4,1-5). One 
or both ends of the oesophagus, or inside of the stomodaeum, bear ciliated 
grooves (siphonoglyphs). Other cilia lining the coelenteron create currents 
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of water which transport food particles and also circulate digestive and 
nutrient solutions. In simple forms digestion is carried on by specialized 
cells in the body wall, but in advanced forms these cells are concentrated on 
the inner edges of radiating muscular partitions in the coelentcron which 
are called mesenteries (Fig. 5.1,1. 3}- There being no digestive track* waste 
materials must be voided back through the ora! pore with the assistance of 
water currents created in the sipho noglyphs, Although this digestive ap¬ 
paratus is distinctively advantageous over that of sponges, it is still not very 
efficient because it entails carrying on digestion in the presence of ingested 
water. Perhaps that is why most toeknterates contract their bodies tightly 
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during digestion and thereby not only press the digestive glands against food 
but also squeeze most of the water out of the coelentcran. 

No circulatory system is present, but digestive products are transported 
into the hollow tentacles by direct connection of these tubular arms with the 
codcnteron. Then the food is diffused through cndodermal cell walls into 
the body of the animal Coelemeratcs have a nervous system of primitive 
construction! it being a loose network of fibers dispersed through the tissue 
but in some cases It is concentrated at nodes where chemical- or light-sensitive 
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tells arc located. There is no respiratory system; transfer of oxygen and 
nitrogenous waste takes place through the body wall 

Most coden terates have one or more rings of flexible tentacles around the 
oral pore. In most instances the tentacles are armed with batteries of adhesive 
cells or of stinging cells (nematocysts). Each cell, although only about 0.05 
millimeter in length, contains a toxic fluid and a long tubular thread coiled 
up inside the cell {Fig, When the nematocyst is properly stimulated 

(as by contact with prey), the cell ejects the thread by turning it inside out 
(as if one were peeling a glove oil 3 hand). At the same time the poisonous 
contents of the cell are ejected through the inverting tubular thread. Nema- 
tocysts operate forcibly enough to penetrate scales of Fish and are notable 
sources of irritation to people at some ocean beaches. 

Reproduction by code me rates can be very diverse and complex. In lts 
simplest form* the growing tip of an individual divides vegetative]y into 
two new individuals by fission. When division involves a lateral offshoot of 
a new individual from the wall of the parent the process is called budding. 
Both of these processes are asexual of course. In sexual reproduction the 
fertilized egg develops into a ciliated, spherical, pianola larva (Fig. 4.1.3) 
which swims about for a short time before assuming its mature characteristics. 

Living coelenterates can be grouped into two categories, depending upon 
growth habit following the larval stage. If single individuals or colonies 
grow attached to the substratum they represent the polypoid or by droid 
form* If bell-shaped free-swimming individuals such as jellyfish arc produced* 
the medusoid form is represented. In Sts most complicated expression the 
life history of a codencerate involves production of both bodily forms, and 
any single species can be said to be dimorphic. Thus h tbc hydroid form only 
reproduces sexually to form a medusa, and the medusa only reproduces 
sexually to form a new hydroid form. This manifestation of alternation of 
generations is reminiscent of reproduction among some Fora mini ferida. The 
most successful animals tend to minimize and eventually to eliminate the 
asexual generation and to increase the dominance of the sexual generation. 

Although many Coelcntcrata are devoid of any skeletal material, others 
develop internal or external hard parts. Hydroids commonly surround the 
vegetative and reproductive polyps with a perishable perisare of transparent 
organic material Sea-fans (gorgonids) and other related corals secrete a 
horny axis which may or may not contain calcareous spicules in its sub¬ 
stance. When these corals die and the axis decomposes, the spicules are re- 
leased. True corals secrete an external skeleton which grows inward from 
the base and sides to act like an internal skeleton. These are always calcareous 
skeletons which tend to be strongly constructed and arc therefore readily 
fossilized. 

CLASSIFICATION- The most significant feature of coclenterates for sys- 
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Lunatic purposes is the reproductive arrangement. Major taxonomic groups 
are differentiated according to how complex their reproductive processes. 
Minor taxa arc defined on skeletal deferences or on lesser anatomic fea¬ 
tures. Ai present zoologists ditTer among themselves as to what group is the 
most primitive depending upon which of two philosophies is involved. Ac¬ 
cording to one idea, the medusoid forms are most primitive because they 
not only occur first in the geologic record* but they are the necessary sexually 
reproducing form. Hydroids, according to this view, are the subsidiary and 
nonessentid form. On the other hand, the development of hydroids* as has 
been classically understood by zoologists, seems to indicate that medusae 
evolved from hydroids. In a sense the arguments are reminiscent oE the 
conundrum '"Which came first, the chicken or the egg?" 

Other morphologic features of importance in classification are the presence 
and construction of nematocysts, nature and number of mesenteries, number 
of siphonog|yphs 1 presence of a stomodacum* and nature and origin of septa 
and other skeletal features. Unfortunately, only the skeletal characteristics 
are observable in fossilized material. In the following classification the fea¬ 
tures of paleontologic importance are stressed, even though some resulting 
groupings are inconsistent with current zoologic interpretation and much 
more detail Is shown in some groups than in others. The Classes Amhozoa 
and Ctenophora comprise the subject of Chapter 5. 

Phylum IV. Coelentcrata 
Class A. Hydrozoa 
Order 1. Hydroida 
Order 2. Hydrocorat l id a 
Order 3. Trachylida 
Order 4. Stphonophorida 
Class B. Craptozoa 
Order % ¥ Dcndmtda 
Order 2, Graptolpida 

Class C. Stromatoporoidea {including sphaeraciinioidi) 

Class D. Scyphozoa (including conuLarioids) 

Class E, Amhozoa 
Class P. Ctenophora 

PHYLUM IV* COELENTERATA 

Coclcnterates are essentially radially symmetrical animals with a coclenteron 
and a simple network of nerves; alternation of generations is common; 
calcareous skeletons with septa are important geologically; nematocysts are 
commonly present. 


tow Eft COILENTEHATES 


127 


Class A. Hydroioa 

Hydrozoa arc Coclcnterau which tend to reproduce by alternation of 
generations, but some species retain only the polypoid or only the medusaid 
form associated with this kind of reproduction. Medusae of Hydrozoa are 
characterized by the presence of an inwardly projecting shelf (velum) within 
the brim; by general small size (less than i!/i in. in diameter); commonly 
by four or eight canals radiating from the cockntemn; and by four to sixteen 
tentacles around the brim. Inasmuch as many medusae are not correlated 
with any known hydroid generation* some systematists favor a dual classifi¬ 
cation of Hydrozoa in which members of each of the two generations could 
have different generic and specific names. The issue is avoided herein because 
few Hydrozoa are of any geologic Importance- 

Order !« Hydro!da 

Those Hydrozoa which are principally represented hy the hydroid bodily 
form make up this Order, Some very simple hydraids without hard parts, 
such as Hydra, belong here, but most of the representatives are brushy 
colonies an inch or two in height which are stiffened by a thin* transparent, 
external peri sure. Zoologists find it convenient to subdivide hydroids on the 
basis of whether the polyps arc covered by perisarc or are bare. 

The simplest hydroids are represented by Hydra (Fig. 4.2.1), a Genus of 
tiny fresh-water coelemeratcs which is widely recognized as the prototype 
of the whole hydroid Order, It usually consists of a single individual but 
may bud off a new polyp from the wall of the coeletueron. Hydra reproduces 
sexually by ova and spermatozoa produced by the same individual. No 
skeleton is present. 

Colonial hydroids originate by many Hydra -like individuals budding off 
one another to form a treelike colony (Fig. 4.2,2, 4b). Within each colony 
one can recognize two kinds of individuals* Feeding or vegetative polyps of 
Hyiffl-like form are called hydmzolds, and reproductive polyps are called 
gonozoids (Fig. 4*2.3* 4a). Each of these polyps is encased m a cuplike theca 
whose shape is consistent with the function performed by the polyp it encases; 
therefore* it is possible to recognize hydrotheca and gonotheca. In simple 
colonial forms such as Carnpanulana (Fig. 4,2.3, 3), the gonozoids typically 
have lost their tentacles and merely consist of long stalks (blastostyles) to 
which minute medusa buds arc attached by stalks like parasols with handles, 
or like dny mushrooms. Sexual reproduction takes place from ova and 
sperms released from medusa buds. In more complicated hydroids such as 
Europe (Fig. 4 * 2 . 4 ) the medusa buds break away from the blastostyle and 
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become Ereediving medusae. At first the stalk of ihe free medusa projects 
above the umbrella (Fig, 4-2.se}, but eventually the umbrella of the medusa 
turns inside out and the stalk then serves its proper function of stomodaeum 
(Fig. 4-3o|d) t All sexual reproduction is carried on by the medusae as they 
drift along. Fertilized eggs develop into larvae which swim about for a 
short itme before settling down 10 form new hydroid colonies. Thus, dimor¬ 
phism is distinct and alternation of generations is well established. By con¬ 
tinued emphasis of the medusoid form the Hydroida converge upon the 
Trachylida which is discussed as Order 3. 

Of the occasional fossil by droids which have been reported,, the oldest 
occurs in Cambrian rocks of Australia. The only hydroid of much potential 
fossil importance so far described is Hydractinm (Fig. 4.2,7* 8). It has been 
reported questionably as far back as the Jurassic and is definitely represented 
in Tertiary rocks. Many colonial hydroids send out slender roots 
(hydrorblzae) over the surfaces they incrust, but in Hydractinia the roots 
pile up into a thin mat of chitinous or slightly calcified tissue. In Recent 
seas the mat always seems to occur as a thin chitinous incrustation on shells 
of gastropods which arc, or have been, occupied by hermit crabs. Scavenging 
crustaceans such as crabs and lobsiefs habitually tear apart their food with 
their daws preparatory to tucking it in their mouths; therefore minute par¬ 
ticles suspended in the water around the host provide for the sustenance of 
intrusting hydroids. Combinations of creatures eating at the same table, as 
it were, are said to be commensal organisms. A crab gets some advantage 
out of the association because the hydroid keeps other creatures away with 
its stinging cells. Hydraciima not only has reproductive and feeding polyps 
but also defensive polyps which arc armed with the nematocysts (Fig + 4*2,7)* 
There is no medusoid form. 

The great abundance of Hydroida in Recent seas indicates that they prob¬ 
ably were abundant in earlier times, but they are not capable of being pre¬ 
served under normal marine conditions. 
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Order 2 , ffydracomllida 

Some Hydrozoa secrete an intrusting basal skeleton rather reminiscent of 
that of Hydraciinia, but consisting of distinctly calcareous tissue. These are 
the hydrocoral lines, which are exemplified by the well-known recent 4J stag¬ 
horn coral/' or "pepper coral/ 1 Millepora (Fig. 4.3.1). Reproduction of hydro- 
corallines is by liny medusae which either escape from or remain confined to 
spherical chambers (ampullae) just beneath the surface of the colony (Fig, 
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433). Hydrocorallines arc commonly conspicuous in very shallow tropical 
seas and locally become components of coral and algal reefs. A few live at 
great depths. 

Miliepora sends up palmate to branched expansions from the intrusting 
basal portion, the whole colony attaining heights of several inches. The sur¬ 
face of a colony is characteristically perforated by two sizes of circular to 
scalloped openings. Feeding polyps called gastrozoids occupy the larger 
cavities (gasiropores^ whereas irregular rings of elongate slenderer daciylo- 
zoids occupy the narrower da civic pc res, Gastrozoids and dactylozoids are 
interconnected within the base of the calcareous colony by intergrown tubules, 
but as growth progresses the polyps seal off gastropores and dactyloporcs 
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with horizontal floors (tabulae)* after which the deeper tissue in 3 colony 
disintegrates (Fig, 4,3,id). 

In spire o! the strongly constructed colonial skeletons, MHtepara and its 
close relatives have only been reported rarely as fossils, possibly in rocks as old 
os late Cretaceous, and probably in a few Ccnozoic strata. 

Sty latter, a distant living relative of MilUpora „ resembles Militpcra in 
most respects, but each gustroporc is equipped with an axial column which 
extends up irom the base a short distance to form a gastmsiyle (Fig. 4.3.3), 
Stylajtcr and its dose relatives arc more solid than Afillcpora, so it is not 
surprising to find more of ihcse Genera and more confident reports of their 
fossil occurrences than of Millcpora. The earliest record for both groups is 
Late Cretaceous. 

Gypsina h an incrusting hydrocoralllne which has been referred by some 
authorities to the colonial fo ra min ifers, Its principal features of importance 
are weak horizontal tabulae in successive floors which are traversed by strong 
vertical pillars (Fig, 4.3,2). 

Order 3 . Truchylida 

Zoologists have demonstrated that a few marine and some even rarer fresh¬ 
water Hydmzoa lack or nearly lack the hydroid generation. Although these 
medusae resemble those of other Hydroana in major morphologic features 
such as shape and presence of a velum* they differ from those other medu- 
studs by having some tentacles springing from the upper surface of the 
medusa instead of from around the rim; moreover, microscopic study re¬ 
veals that some similar structures of the two medusae arise from different 
layers of the body wall; hence, the two groups are presumed to be quite 
unrelated. In some trachylid reproduction the pianola larva gives rise to a 
special larval stage* the actimila t which is sessile like a hydroid, but is com- 
partmented symmetrically like a mcdusokL Attinuh larvae are attached with 
the oral side up s and they hud off immature medusae in succession from 
the upper surface. These buds grow into adult medusae, so there is no true 
hydroid generation. Lack of a hard skeleton renders their preservation ex¬ 
tremely unlikely. 

Kir^landia, from the marine Cretaceous of Germany and Texas, is a 
presumed trachylid hydrozoan, and others have been reported doubtfully 
from Cambrian strata, but the recognition of a fossil trachylid poses dilR- 
callies not readily resolved. 

Craspcdacutm is one of the rare* Recent* fresh-water Genera whose me¬ 
dusae are known (Fig, 4-4.1). 

Order 4- Siphonophorida 

The progressive tendency for new bodily forms to arise from the basic 
hydroid anatomy eventually led to differentiation into various kinds of 
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feeding,, reproductive, swimming, and defensive polyps, all of which became 
intergrown in a loose colonial aggregation. Therefore, more than being 
dimorphic like simple Hydmzoa* they are said to be polymorphic. The most 
well known of these, Pfyysalm, is the infamous Portuguese man-of-war which 
can inflict stripes of very painful stings on the skin of swimmers, PAysalu 2, 
as with most other siphonophorans, floats suspended by a hollow pneumato^ 
phore T from the under side of which the diverse individuals are suspended 
(Fig. .44.2}. The pneumatophores, although commonly glassy like those of 
the Recent sal]-bearing Vdelta f are tough enough to be preserved as impres¬ 
sions in sediments. 

A few fossil siphonophorans are thought to have been discovered in rocks 
as old as Ordovician* 
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Class B. Graptozoa 

Graptozoans, or graptolitcs as they arc most commonly culled. arc among 
the most instructive and useful fossils known. They reached their peak of 
abundance and diversity at about the same time that the tiilobkes reached 
theirs, but trilobitcs tended to be stay-at-homes, whereas graptolites were 
the original drifters. In technical terms the trilobitcs tend to be provincial 
and the grapiolite faunas tend to be cosmopolitan. For instance, the graptolite 
zones on which Lap worth founded the Ordovician Period have been recog¬ 
nized all over the world. 

Gnaptolites are remarkably useful guide fossils in Ordovician and Silurian 
rocks. Indeed, they exemplify most of the ideal qualities of good index fos¬ 
sils: they were abundant, widespread, rapidly evolving, and easily idemined. 
It is no wonder, then, that their study progressed more rapidly and in more 
detail than did the study of many other groups. On the other hand, it is 
noteworthy that the problems of their morphology and their assignment to 
one or another Phylum have been most vexatious* 

The most common matrix in which graptolites arc preserved is dark gray 
to black, platy to fissile shale. The fossils themselves are usually preserved 
as fattened carbonaceous films which blend with the matrix and cannot be 
seen clearly unless the stab of shale is tilted until light is reflected off the jet- 
black surfaces of the graptolites. Colonics either lie spread out upon bedding 
planes or they occupy incipient fracture planes where they may be revealed 
by a judicious blow with a pick. Many shales are so strewn with myriad 
segments of graptdkcs that their very abundance interferes with their 
identification. Their common occurrence in black shales probably is due in 
large pan to the absence of scavenging organisms in the environment of 
deposition. This would seem to indicate that the sediments accumulated in 
toxic waters of dosed submarine basins or in lagoons in which circulation of 
water was impaired. Inasmuch as most graptolites were floating organisms, 
their bodies also rained down upon sea Boors covered with sand and gravel, 
but in the usual environments in which coarse clastic sediments accumulated 
the graptolites were apt to be consumed by bottom-dwelling organisms or 
destroyed by abrasion. Moreover, they would be revealed on broken surfaces 
of nonlissile rocks only by accident. Some of the best material has been re¬ 
covered as diitinous insoluble residues from the digestion of limestone or 
chert in appropriate acids. 

Growth forms are all colonial, but sessile colonics are principally shrubby, 
and planktonic colonies consist of threadlike branches which radiate from 
a central origin. Colonics are termed rhabdosomes, each of w F htch consists 
of one or more narrow branches (stipes). A stipe is composed of a uniserial 
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or bi serial arrangement of individual organisms, each of which is housed 
in a chkinous sheath or theca. Thus, rhabdosomes resemble hydroid genera¬ 
tions of Hydmzoa and thecae resemble liydrothecac of Hydrazoa. 

Two great Orders of Graptezoa are recognized by most paleontologists* 
and three minor groups recently have been raised to ordinal rank by seme 
authorities. 

Order Ik Dendroido 

Dendroid graptolkcs built fan-shaped rhabdosomes which arc generally 
i to 3 or 4 inches (i to io cm) in height and are a little less broad than 
high (Fig. 4.5.1). Many dendroid rhabdosomes were definitely attached to 
the substratum by basal expansions* but others apparently were suspended 
from some floating object by a threadlike filament. 

Each stipe of a dendroid graptolitc consists of as many as four different 
kinds of thecae. In one series which has been studied, an axial theca budded 
off a new axial theca directly ahead and at the same time it budded off a 
lateral theca on each side of the axial theca. Stipes are so slender, thecae 
are so small, and preservation is so inadequate, however, that these details 
are rarely seen. In fact, on many dendroid stipes it is difficult to see the 
serrated edges where the thecal apertures arc lined up. When specimens are 
well preserved some details of the different kinds of thecae can be seen (Fig* 
.4*5*3)* The largest thecae are tubular with circular apertures from which a 
single ring of tentacles protruded. These autothecae probably housed feeding 
polyps. Alongside many auto thecae arc elongate slcnder-tubed bi thecae which 
also seem to have been ringed with tentacles* Eithecae are thought to have 
housed male reproductive polyps. Large hive-shaped or barrel-shaped bulges 
which are located at the point of branching of stipes are gonoihecae* They 
probably housed female reproductive polyps. The fourth of the polymorphic 
thecae consists of minute tubular structures which seem to be scattered pri¬ 
marily over the surface of autothecac. These, the ncmatoThccae, may have 
housed defensive polyps with nematocysts, or merely batteries of nematocysts. 

Rhabdosomes grew by branching of stipes in dichotomous, or lateral, or 
irregular patterns. One featherlike rhabdosomc budded off stipes alternately 
from a central axis. Stipes in various colonics either continued to grow free; 
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or they curved back to engraft themselves for a distance with another stipe 
before growing free again; or they were connected by tenuous horizontal 
bars (dissepiments) as in Dictyoncma (Fig, 4.5^1)* Some species built com¬ 
plex, wide, ribbonlike stipes. 

Unusually well-preserved Dendrnida from the Lower Ordovician of Poland 
have been the source of detailed information on the construction of the 
pertsarc {Fig, 4,5.3) r Each theca consists oE two layers of chitinous tissue* The 
inner layer is constructed of semicircles of skeletal tissue which interlock 
along two zigzag sutures. Apparently these half-rings or fusellcs were secreted 
on alternate sides of the potyp t although irregularities in the pattern are 
numerous. The outer layer or cortex consists of several layers of transparent 
tubular sheaths which cover the fuselles and overlap each other progressively 
toward the aperture. The cortex must have been secreted by an outer fleshy 
sheath which originally covered the stipe or by a mantle of flesh which hung 
down around the lip of the aperture, A condition similar 10 the latter exists 
among some Recent stony corah. 

Although the Dcndroida range in age from Middle Cambrian to Early 
Mississippian, they are not particularly useful in stratigraphic paleontology* 

Order 2. Grcptoloida 

Most of the fossils generally referred to graptolites. belong in this Order. 
They may be referred to (somewhat redundantly) as graptobid graptolites 
in order to differentiate them from dendroid graptolites. Fundamental char¬ 
acteristics of the Order are planktonic habit* a tendency toward bilaterally 
symmetrical rhabdosemes, and presence of distinct thecal patterns. 

ti is known definitely that many graptobid rhabdosomes were planktonic 
because clusters uf stipes or single stipes ha%T been found attached ip floats 
(pneumatoeysts) by a slender, hollow, threadlike nema (Fig. 4.54). Inas¬ 
much as well-preserved stipes also have a nerna, it is assumed that they have 
become separated from their pneumatocysts. Where the lower end of a nema 
reaches the base of a stipe there is ait elongate conical sicula 1 or 2 millimeters 
long. It may have sheltered an embryonic stage or served as the theca around 
the first polyp in a stipe. Apcrtural portions of siculae in some cases show 
the zigzag sutures of fusdles such as were recognized among dendroid 
graptolites- The most conspicuous thecae of the Graptoloida are autothecae. 
They presumably housed food-gathering polyps. For a long time only these 
autothecac were recognized in the Order, but recently biihecae, gonothecae* 
and ncmatothecae have also been identified. Gonothecae in particular may 
be diverse in appearance, fur some are described as tiny nodes on stipes, 
but others (graptogonopheres) swell up into balloonlike expansions (Fig. 
4S-8)- 
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TRENDS OF MODIFICATION, The evolution of different structures 
in any group of organisms may or may not take place ai the same time or at 
the same relative speeds. The whole process is analogous to a great river 
which is fed by many tributaries. Just as an observer in an airplane can de¬ 
tect clean or muddy streaks of tributary water in a river, so it is possible by 
looking back in time to detect several main patterns of graptoloid evolu¬ 
tion, Moreover* the speed at which one trend operated over another is 
analogous to the differences with which currents flow in the various channels 
of a river 

SHAPE OF RHABDOSOMEL Although the entire rbabdosomes hung 
suspended from some floating object, the stipes could grow in four basic 
directions (Fig. 4,64-4)+ Stipes o£ pendent rhabdosomes hung down from 
the sicula: horizontal stipes grew laterally; reclined stipes grew obliquely 
upward somewhat in the reverse direction of pendent stipes; and scandcnt 
stipes grew straight up the nrma. No doubt the shape of a rhabdosome in¬ 
fluenced its chances for survival because of its effect upon structural strength 
and food-gathering ability. Loosely constructed rhabdosomes with many 
slender uniserial stipes probably were easily broken during life. Moreover* 
food-gathering ability h not increased most efficiently merely by lengthening 
stipes, The greatest compactness and strength and the greatest food-gathering 
ability in relation to size would seem to occur in the scandent forms. Most 
of these were hiserial but some early ones were quadriscrial and some later 
ones became uniseffaL 

REDUCTION IN NUMBER OF BRANCHES. One general evolu¬ 
tionary pattern which is expressed in multitudes of organisms is the tendency 
toward reduction in number of items when many are present original I y + 
This trend is expressed spectacularly by the Graptoloid a because the number 
of stipes tended to decrease system atically. Usually the decrease took place 
simultaneously on both sides of the symmetrical rhabdosomes, but some in¬ 
stances are known in which the decrease unrated asymmetrically and a 
rhabdosome might have seven* five,, or three stipes. 

THECAL SHAPE. Simple thecae of Graptoluida are straight and tubu¬ 
lar, and they grew in a row cjt echelon (Fig, 4A5)* At least three orderly 
trends have been recognized* starting with the simple, generalized thecal type. 
In the sigmoid morphologic series (Fig. 4,6.6-®) the straight tubes became 
Shaped and even angubtc. Increasing curvature caused the aperture to 
swing up until the polyp was crowded against the side of the overlying theca. 
Stifling of polyps was avoided by twisting the aperture over to one side (miro- 
torsion), A second morphologic series simulated the sigmoid trend, except 
that thecae in the lobate scries (Fig, 4.6.9-11) curved outw ard and downward 
in the reverse fashion to the sigmoid trend, [n the extreme development of 
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die lobaic trend there was again a tendency for obstruction of apertures, but 
again ini rotors ion freed the polyps. The isolate trend (Fig. 4^.12, 13) ex¬ 
pressed progressist separation of thecae from each other until thecae of 
Rasthitt svere slender tubes spaced far Apart* 

BUDDING* Numerous stages in the origin of stipes from the siculac 
have been recognized, but three fundamental patterns will serve to illustrate 
this morphologic (and probably evolutionary) scries. In the earliest dicho* 
graptid stage (Fig- 4*5.5) the first theca sprang from the side of the skill* and 
produced in turn two new buds; one bud continued to extend die original 
stipe, but the other bud crossed over the skula to form the beginning of a new 
stipe which grew in the opposite direction. Thecae in all stipes were uniscrial 
and the stipes were not reinforced along their backs. In diplograptid budding 
(Fig. 4.5-6) the first thecae sprang downward from the sicula as if it were 
going to form a dichograptid theca, but then it curved upward like a deep- 
bowled pipe. The first few theca budded off of each other alternately in her¬ 
ringbone pattern t but soon this pattern gave way lo two parallel rows of 
theca in a truly biserial arrangement. Normally the thecae in each row were 
crowded closely together and the two rows backed up solidly against the 
nema. The ncma and axial regions were then reinforced to form a solid rod, 
the virgula* In monogtaptid budding (Fig, 4-57) the first theca grew 
obliquely upward from the sicula and other thecae comprised a uniscrial stipe 
like one-half of a dsplograptid stipe, There was also a virgula along the back 
of each monograptid stipe* 

EVOLUTION OF GRAPTOZOA. Synthesis of the various evolutionary 
currents into a stream which represents orderly development of all gmpioliies 
is shown in Figure 4.7. Graptolite evolution may have stemmed from 
Dendroida such as Dictyoncma (Fig. 47.1) in the Medial or Late Cambrian* 
Even by earliest Ordovician lime two independent planktonic strains of 
graptolites had arisen—the pendent and the horizontal. Bryograptus and 
Cfonograptus combine the thecal construction of the dendroids with the 
planktonic habit and simple branching of the graptoloids; hence, specialists 
variously assign Bryograptuf and Cl&nogtaptus to one or the other Order. 
Indecision as to their proper assignment is merely illustrative of their position 
as "missing links” in the evolution of graptolites. Bry&grapins is a drooping 
form which grew outward along three rays, whereas Clonograptus branched 
dichotomously eight or nine times and became a generalised multi rayed 
colony. 

In the pendent strain (Fig. 47.2-5} P Bryograptus evolved into Tctra- 
grapius through some reduction of branches, and thence into Didymo- 
grapius by further reduction of branches before the end of the Early Ordo¬ 
vician. Pendent Didymograptuf survived imo the Medial Ordovician and 
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gave rise lo the onc-stiped Genus, Azygograptm, before the pendent strain, 
of graptoloids became extinct- 

While the pendent strain was undergoing its modifications* the horizontal 
strain (Fig. 4.7.6-11) developed along a parallel course by reduction jn the 
number of stipes. The classic scries in this strain commences with Chno- 
grapues and progresses through a sequence of so-called die hog rapt ids. Lo- 
ganegraphu had from 8 to 16 stipes* whereas Dkhcgmptus had 8 stipes, 
Triragraptics had 4 stipes, and Didymogra plus had 2 stipes. Horizontal 
Didymograptus lasted into Medial Ordovician time like its counterpart in 
the pendent strain. Further reduction in number of stipes from Didymo- 
graptas led to a sicula with one ray—a feature which seems to have been 
produced independently by both the pendent as wet! as by the horizontal 
strain as the Genus Azygograpttts. This being the irreducible mini munis 
further reduction of stipes could take place in either Strain- 

Horizontal dichograpiids seem to have been vigorous, however, because 
they produced a second offshoot which had a promising future. By becoming 
increasingly crcct + die four stipes of TttrJgrapius passed through a reclined 
stage (Fig. 47.12} and eventually lay back back to back along the ncma in 
a seandenc form called Phyllograptus (Fig. 4.7.15). But, as if PAyliograpius 
w r cre carried along by a stream, of evolution leading to ever fewer stipes, the 
number of rays continued to diminish and the hiscrial Genus, Dipiogra puts, 
arose. 

At the same time, Didymograptus was evolving toward the scandcnt shape 
of Diplagraptus through forms such as LtptagrtipHis which had reclined 
stipes (Fig. 4 7.13}. Thus, Diphgrapiui and the whole scandent strain arose 
from two different lineages of horizontal graptoloids, even though they arc 
united as a single Genus, Diplograptus* in Figure 47. Surprisingly, Axygo- 
graptus seems to have appeared for the third time when the reclined Lcpta- 
graptus lost one of its stipes (Fig, 47 - 1 4 ) m Medial Ordovician- 

An interesting but short-lived side shoot arose from the mam body of 
diplograptids in Medial Ordovician Lime by partial reduction in number of 
stipes; split down the distal portion into two uniserial 

branches but remained biserial and unbranched in the proximal portion, 
thus forming a Y-shaped stipe (Fig. 47.17), This variation led nowhere, 
possibly because it would have been lethal if carried far enough to separate 
a stipe from its sicula. 

When the biserial scandent arrangement had been achieved by Diph - 
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prapTuf in Medial Ordovician time, a second major evolutionary trend be- 
came evident. In it the thecal shape changed from straight to either sigmoid 
or lobatc. The stream of thecal modification is superimposed on the continu- 
ing trend for reduction in number of stipes. If all of these trends were il- 
tlistrated it would be necessary to superimpose Figure 4.6.5-13 upon Figure 
4.7,16, itt, IQ, In simple terms the continued reduciion in number of stipes 
led through the Early Silurian Dt morphograptus with its uniserial proximal 
portion and its biserial distal portion, to Monograph!! with ns wholly unisc- 
rial stipe. Naturally, in Monograph!/ we see the irreducible minimum of 
stipes and generally a late stage in thecal changes. The end of the evolution¬ 
ary history was approaching. 

Final modifications in the graptoloid graptolites are manifested by strange 
thecal patterns in Rastrhet; by reversions to ancestral features such as the 
return to straight, tubular thecae in some Mortograpuis: and by the assump¬ 
tion of a secondarily colonial habit through production of whorls of new 
stipes in Cyrtograpius. Even then the tendency for compactness continued 
to he manifested, as in coiling up of some Mono graph a into conical helicoid 
spirals like watch springs suspended from their inner ends. Hut finally, when 
the grapioloid graptolites flickered nut in some Late Silurian sea, the ancient, 
unprogressive, dendroid graptolites still were present as sessile organisms on 
the sea floor or on floating objects, Dcndmidi persisted for 75 million years, 
however, into Early Mississippian time when their last known remains were 
buried in Europe and in what is known today as the Black Hills region of 
South Dakota, 

Extinction of the graptolites cannot be assigned with certainty to any 
cause. The only major carnivores that could swim about in search of these 
planktonic creatures in Ordovician and Early Silurian times were the ccphal- 
opods, but their living descendants do not feed upon any animals resembling 
the graptoloids. Graptoloids may have been unusually successsfu) in the 
Ordovician more because of lack of enemies than through perfection of struc¬ 
ture. By latest Silurian time, however, fish had evolved, and they may very 
well have fed upon the planktonic graptolites. Silurian fish were not heavily 
armored like Ordovician ostracodernu but were slender and lithe cyclostomes, 

TAXONOMIC PROBLEMS OF GRAPTOZOA. Referring to Figure 
4.7, the evolution of the pendent, the horizontal, and the reclined graptoloids 
followed the same pattern and thereby produced three kinds of Tefra- 
gr&ptas. two kinds of Didymograptus plus the analogous Leptograplus, 
and three kinds of Asygograpim. This phenomenon is a classic example 
of parallel descent and even of convergence. The pendent and horizontal 
strains which had dichograptid budding represent parallel descent, but 
Ltpiograptus had a different kind of budding and therefore represents 
convergence of shape. Naturally, the concept of Tctragrapttu, Didynto- 
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grapUt£ s and Azygograptas as Genera is different from the ideal concept 
of a group of genetically related species. These graptoloids are referred 
to "form Genera"' because ihcy comprise similar but more or less distantly 
related organisms. Likewise* the scandent strain arrived at Diphgraptus 
via two routes—through Phytbgraptiu and through Lepfogrtipius. Drpfv- 
graptus, as used in the illustration* is a loosely constructed form Genus 
which is known by specialists to contain two or more genetic strains- More¬ 
over, each of these strains led in turn to its own descendants in the form 
Genus, Monograptus. 

EVOLUTION MECHANISM OF GRAPTOZOA* There was a dis¬ 
tinct tendency fnr graptolites to become simpler and more compact as 
time passed, so this must indicate the direction of success and survival. By 
Darwinian concepts, creatures tend to vary in all sons of ways; some of 
which happen eo be in the direction of survival, but some of which* like 
the pendent graptoloids and Diminagraptuf, happen to be foredoomed 
to failure, In the former case, for instance* progressive compactness of stipes 
in pendent Tctragraptus would have brought polyps closer face to face until 
they would have competed with each other. On the other hand, the trend for 
ascending stipes which led to reclined and scandent forms provided the 
polyps with improved access to food and increased freedom of operation. The 
ascending trend ultimately produced what seems to be the most efficient and 
compact structure in PhyllograpUts and Diplograpfu^ Graptoloids raced 
through most of their evolution of shape in the Early Ordovician and then 
they expressed their evolutionary potentiality in part by thecal modification. 
It is necessary to say “in part" because they continued to carry on the trend 
for reduction in number of branches far beyond the compact forms until they 
became untseraal again. In a way the monograptsd shape is the scandent equiv¬ 
alent of Azygograpius In other strains. A believer in orthogenesis would 
maintain that some hidden drive or factor caused them to continue to evolve 
back into less compact uni serial forms such as their ancestors had. On the 
other hand* a believer in orthoselection would contend that there had to be 
some unexplained advantage in uniscrial stipes following upon the more 
compact biserial stipes; therefore, natural selection operated to preserve the 
uniserial strains. In any case, it seems that the early pendent and horizontal 
graptoloids survived only as long as competition was not keen or enemies 
were not effective, 

AFFINITIES OF GRAPTOZOA- Graptolites have been referred to 
three different Phyla of animals. According to the oldest theory, graptolites 
are code literates- This idea is supported initially by the shapes of rhab- 
dosomes, which resemble hydnoid generations of many Hydmzoa. Dipio- 
grapttw, for instance, resembles Thttiaria (Fig. 4.2.6) in general appearance. 
In addition* graptolites and Hydrozoa both produced polymorphic indi- 
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victuals with differentiation of vegetative and reproductive functions. Both 
groups have the same spread of adaptation, too, for both groups contain 
shrubby be nth on ic colonies as well as planktonic colonies suspended from 
pneumatocysts {such, as the Portuguese man-of-war, Fig. 44^}. 

The second theory was first proposed in 1872 and currently enjoys wide¬ 
spread popularity since its revival in 1938, According to this view, the fuse lies 
which are known among a few Graptozoa (principally Dendroida) arc also 
present in the Genus Rkabdopieiiru, Inasmuch as fuselles seem to he singu¬ 
larly unusual structures, protagonists of this theory hold that Graptozoa and 
RAakdoplevra belong to the same Phylum. Rhabdoplcuru is an aberrant and 
probably primitive, colonial hcmichordate which inhabits Recent marine 
waters. 

The third theory, which seems not to be defended any more, maintains 
that Graptozoa are related to the moss animals or Bryozoa (Chapter 7). 
Some colonies of the two groups are similar and the individual polyps in¬ 
habited similar tubular sheaths. There is abo polymorphism among Bry¬ 
ozoa, but most Bryozoa contain specialized structures not seen in Graptozoa. 

In this text the Graptozoa arc ranked as a separate Class closely related to 
the Hydrozoa. Not only does Rkabdopkura lack polymorphism, but its 
fuselles are secreted as pans of a strictly external sheath, whereas fusdles 
and cortex of Graptozoa were covered with some additional fleshy material 
in life. The two kinds of fuse lies are not homologous. 

Class C Sfromafoporoidea 

Many paleontologists find a sort of romantic or perhaps mystic appeal in 
the study of groups whose relationships with living or other fossil animals 
either are controversial or are unknown. Stromatoporoids constitute one of 
these groups, which, like the rcceptaculitids* archaeoty athids + and graptolitcs 
already discussed, require imaginative extrapolation of Recent biologic knowl¬ 
edge into the unknown past if we are to understand their nature, habits, 
and evolutionary position. Otherwise, several groups of extinct organisms 
would have to he considered just like static miners logic components of a 
rock. 

Stromatoporoids occur as calcareous colonics divided into minute chambers 
which have customarily been thought of as the dwelling places of intercon¬ 
nected individuals such as polyps in a colonial coral Colonies (also called 
coenostea) range in size from small lumps the size of peas to ponderous 
mtergrowths many feet in diameter^ or, together with other organisms, 
build reefy masses from the substance of which commercial rock quarries 
can be operated. Colonics seen in most outcrops range from 3 inches to per¬ 
haps 1 foot or so in diameter. Shapes tend to assume one of three fundamental 
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patterns. The largest colonies are sheets of laminated tissue with unduhtory 
upper surfaces* the entire colony commonly being somewhat biconvex. 
Margins of these colonies are often hard to define because various layers over¬ 
lap one another in fortuitous fashion according to how various areas died 
and were overgrown by new materia]. The second shape Ls generally bulbous* 
ranging from little spherical or biscuit-shaped masses to large hummocky 
colonies about a foot high, The least common form is composed of erect or 
branching* heavy, stern like expansions with circular cross sections* Com- 
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plete stromatoporoid colonies may weather opt of impure limestone* or 
sheets of skeletal tissue may exfoliate from colonies where thin partitions of 
muddy sediment alternate with layers of organic material. Colonies in pure 
limestone appear only as light patches against the other limestone of the 
matrix and may be easily overlooked. 

Surfaces of some colonies are relatively smooth except for minute pitting, 
but surfaces of odier strnmatopomids are studded vshh hemispherical mame¬ 
lons (Fig, 4,8,1} which rise i to 3 millimeters above the general surface, 
Mameions commonly are surmounted by branching furrows which lead to 
a central pit* the whole radial pattern being called an astrorhiza in allusion 
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to its stellate and rdctlike appearance (Fig. 4-8.2). Astrorfaitae eommunb 
cate laterally with most of the coenosteum and also touch tips of adjacent 
astrorhizac, If a distinct central pit is present in an astrorhiza it represents 
the upper end oE a vertical tube which penetrates deeply into the coenosteum. 
Thc&e tubes may be partitioned by a few horizontal plates, the tabulae (Fig. 
4J83), Some specialists believe that astrorhizac mark the locations of the 
principal polyps which secreted the coenostra- 
The most characteristic growth feature of siromatoporoids is the presence 
of internal layered structure in two sizes. The essential unit of stromatoporoid 
colonics is the lamina {also called lamella), which is a horizontal layer of 
calcareous fibers, rods, or plates (Fig. 4,9.2b), Each lamina is separated by 
less than 0 millimeter from a succession of parallel laminae above and below. 
Laminae are traversed by myriad* parallel* vertical pillars which generally 
pass through several laminae but may terminate at a particular one. Thus* 
a coenosteum resembles the steel framework of a building. From time to 
time the regular upward growth of a coenostcum may be interrupted by 
crowding of laminae, followed by subsequent return to the normal growth 
rate. Or perhaps an area may die and a layer of sediment be deposited before 
new laminae grow over the region* Each of these large groups of laminae* 
like a succession of annual rings in a tree* is a latllamina (Fig. 4.8.1), A 
latibmina is generally less than one-quarter inch thick; hence* a colony may 
consist of a succession of several dozen latilaminac. Under some conditions 
of preservation such as very complete calcification or differential etching* 
the latibminac are clearly revealed on radial cross sections of colonies and 
enable the recognition of these fossils as belonging to the stromatoporoids. 
For definite identification, however, it is necessary to grind vertical and hor¬ 
izontal sections of a coenostcum prior to microscopic examination. 

One noteworthy feature of the stfomatoporoids is the tendency of some 
species to become intimately intergrown with the loosely bundled corallites 
of the colonial coral Syringopora (Fig. 4,8-3)* This probable commensal 
association is known from Devonian strata in widely separated places. Before 
the characteristic structure of Syringoporn had been recognized, the tubes 
were interpreted as giant pores characterizing a distinct Genus of stromata- 
poroid. 

Principal variations in stromatoporoid construction are the shape and size 
of colonies* nature of the surface, and character of laminae and pillars. The 
oldest and most primitive stromatoporoids Sack the well-developed laminae 
of later form*. Instead* Genera such as La&cchut and Attlacm1 are packed 
with cystose structures in irregular rows {Fig, 4.9*5, 6). Aul&etra also has 
an axial canal which contains even larger cysts than are present in the mar¬ 
ginal zone* Such primitive forms* generally classed as aroinatoporoids, tend 
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to be dendritic tn growth habit- The eleven known Genera comprise a special 
Fumilyp the Bcatrididaep and are largely confined to Ordovician strata* 

The several Families of true strom atoporoids (sometimes known in clas¬ 
sifications as the ^Stromatoporoidea t/era ") seemingly arose from the Bcatn- 
ciidae by progressive perfecting of horizontal rows of cysts which became the 
laminae. Cl&t&rQdictyon (Fig. 4.9.1) represents an early stage in the series 
id which laminae arc more distinct than are the pillars. Actinostroma {Fig. 
4.^.2) represents an advanced stage of stromatoporoid development in which 
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pillars arc more prominent than the laminae arc. In Anastyfastroma the 
chambers are secondarily subdivided by dissepiments into smaller chambers 
(Fig, 4.9,3). Stramaitipora itself is not constructed of as distinctive laminae 
and pillars as are some other Genera. Jt docs contain many tabulate vertical 
tubules* however (Fig. 4.94). About 22 Genera of true stmmatoperoids 
have been recognized, 

BIOLOGIC AFFINITIES. Four different theories have been proposed 
concerning the taxonomic position of the Stromatnporotdea. Students who 
arc impressed by the layered nature of the chambered coenostca see a simh 
larity between stromatopomids and the general group of larger Foramini- 
ferida (Fig. 2.18). Although it is true that various orbitoids consist of 
multiple layers of chambers, they have solid walls instead of the mesh and 
pillar construct ion of siromafoporoids. 

A second theory is based upon the presence of pillars and loose meshlike 
laminae in stromatoporoids like Aettn&stroma (Fig. 4.9.2a). These do 
suggest the spicular structure of some hexactinellkl sponges (Fig, 3.6), but 
the chemical composition of the two groups is different and the hcxactmeb 
lids retain rather precise irjaxon symmetry of their spicules. Those who 
believe that the stromatoporoids arc sponges interpret the astrorhizac as 
part of the canal system for circulation of water. 

The third and oldest theory is that stromatoporoids axe related to Hy¬ 
dro 20a in some respect. Similarity between the chiii nous incrustation of 
Hytfractirira and most siromatoporoids is impressive, although colonial tissue 
of Hydractwia is filled with ramifying tubules instead of being loosely con¬ 
nected fibers, Astrorhizac resemble very much the hydrorhizae of many hy- 
druid colonies. Moreover, astrorhizid tubes are tabulate as are the go nopores 
of the hydrocoralline, Millcpora, In life the fleshy tissue of stromatoporoids 
seems almost certainly to have formed a mantle over the upper surface of 
some colonics—a feature observed in some Hydrozoa. Moreover, a thin, 
mcrusting, laminated organism called Gypsina plana (Fig, 4.3a) has long 
been known to resemble the stromatoporoids CfcaArodictyon and Actt no- 
stroma closely in gross aspect and in some microscopic details, Gypsina was 
originally thought 10 be a colonial foraminifer but is now referred to the 
Hydrocoralllda by some authorities such as Galloway (personal communi¬ 
cation), In view of these factors, the hydroman theory is the most widely 
held as to the affinities of stromatoporoids. 

Those who support the fourth and last theory suppose that stromatoporoids 
constitute a group sufficiently distinct to warrant separate recognition. The 
massive skeletal build-ups, mixtures of features enumerated above which 
are reminiscent both of sponges and of hydrozoans, and the absence of any 
feature generally accepted as being diagnostic of one of those groups* support 
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this fourth theory. In this book therefore* the stromatoporoids are placed in 
a Class near the Hydrazoa but as distinct from hydrozoans as that Class 
is from Scyphozoa (jellyfish) or Andinzoa (corals), 

GEOLOGIC DISTRIBUTION. Stromatoporoid* are known question¬ 
ably from Cambrian and definitely from Middle Ordovician strata. The 
bcamcoid type is rather generally characteristic of Ordovician strata* even 
though a few true stromatoporoids also occur there. 

The great flare of stromatoporoids took place in the Silurian and Devonian 
Periods^ At that time they were so abundant that the majority of carbonate 
rocks of that age are apt to contain colonics of stromatoporoids. Devonian 
strata seem to be even more replete with stromatoporoid remains than arc 
Silurian strata. Colonies are so common that many so-called limestone strata 
actually consist almost entirely of stromatoporoids. At the end of Devonian 
time the true stromatoporoids suddenly and unaccountably became extinct. 
Important occurrences arc known in. many parts of North America and 
other countries; however, very little work has been done in recent years on 
American species until Galloway and St, jean restudied the group. 

Appendix to the Stromatoporoid&a: Sphaemttimoids 

During the Permian a group of stromatoporoid I ike organisms appeared 
which have been placed by some students in the Stromatoporoidea and by 
other students in a separate taxon equal in rank to the Stromatoporoidea. 
These organisms differ from typical stromatoporoids in their microstruaure 
and in their skeletal construction* which consists of concentric layers and 
radiating rows of rods. It is probable that the sphaeractmioids arose from 
some ancestor near Stromutoportf. Before their extinction in the Cretaceous* 
six Families of sphaeractinioids had appeared. The best known of these is 
represented by the Genus MHUpartdium from the Jurassic of eastern Europe 
and the Near East (Fig. 4.10-1). 

Interfere Sedis 

The Genus Amphipora usually is placed in or near the Stnomatoporoidea 
in classifications, AmpAip&ni is a dendroid form about half the diameter of 
a pencil and an inch or so in length (Fig. 4.10.2* 3), It may or may not have 
an axial canal like Aulacera, and its vaguely laminar outer tissue is reminis¬ 
cent of the true stromatoporoid s. Fragments of Amphipora are packed to¬ 
gether in many Devonian outcrops in California, Nevada* and Utah* where, 
for lack of other distinctive features, their presence has caused geologists to 
refer to the sediments as spaghetti rock. 
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Class D* Scyphoiod 

Scyphozoa arc the Jellyfish, whoa: medusoid bodies consist largely of 
mesogiocan They differ from medusae of Hydrozoa in lacking a velum. They 
also have four radially disposed pouch I ike depressions on the lower or con- 
cave surface, instead of being smooth as are the hydro id medusae. Adult 
medusae reproduce sexually to form a planula larva, and this develops into a 
small, sessile* inverted larva which resembles a simple four-rayed polyp, but 
which buds off new miniature medusae one at a time by transverse fission 
from the upper region {Fig. 4,11.2), These little medusae grow into adult 
Jellyfish to complete the cycle. 

Jellyfish inhabit water at various depths and can swim about by contracting 
ihdr umhrclla shaped bodies. Although most are concavo-convex, they also 
may be cubical hclmct^haped, constricted at a deep groove about the mid- 
die, or even flat. As in the other typical coclemerate groups, they bear stinging 
cells* 

Even though skeletal elements arc unknown in Recent jellyfish, a few iirv 
pressions in ancient sediments have been referred to this group. The oldest 
possible representative is Carnpiosiroma from the Early Cambrian of Penn¬ 
sylvania, Numerous supposed internal molds of jellyfish (Broot^scUa) have 
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been collected from higher Cambrian strata in the Coosa \ alley of Alabama 
(Fig. 4.11.1). Several different forms have been collected from upper Juras¬ 
sic lithographic limestone at the famous Solenhofen quarries in Germany. 


Appendix Id the Seyphazoa: Comilarioids 

Few other organisms have been referred to so many diverse groups as 
have the conularioids. They arc almost completely unlike any living creatures 
except that they have a simple tetramerous symmetry reminiscent of eoclen- 
tcrates. 

These fossils consist of a very thin chiiinotis membrane with some admix¬ 
ture of phosphide material. Undistorted specimens are invariably hollow 
four-sided pyramids which generally range in length from about an inch 
to several inches (Fig., 4,11.1b). Being hollow and thin h these pyramids 
commonly have been crumpled or occur completely Rattened on bedding 
planes. Most oomihrioids are square in cross section* but some are elon¬ 
gate rectangles. Such evidence as has been forthcoming indicates that in 
life they were attached to some object, commonly another oonularian, by 
their pointed tips. The large open end, which thus was free, could be closed 
by flaps of the membrane which folded over it with neat creases. 

The most conspicuous surficial feature on each face is a system of sharp, 
closely spaced parallel ridges or rows of granules with intervening grooves 
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about i millimeter apart (Fig. 4.121a, 3, 5). Ridges on one half of each face 
are aligned with grooves on the opposite half, and the position of this alter¬ 
nation marks the location of the mid line* Moreover, the midline may be 
accentuated by a groove or ridge. In a few forms each transversely striated 
half of a face may be divided into halves again by another hut weaker lateral 
ImCp Interfacial angles at the corners of the pyramids are typically grooved 
and may consist of thicker periderm than do the faces themselves. Upon 
close examination of the interfacial grooves k may be seen that transverse 
ornamentation of adjacent faces may continue across the groove, or be in 
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alternation as at the midlint, or even be interlocked in some intricate fashion. 
Great dependence in classification U placed upon features associated with 
the interfacial angle. 

Under magnification the transverse ornamentation of the faces displays 
additional interesting detail (Fig, 4.111a, 3). Forms with linear ridges 
tend to bear nodose or vertically striated grooves. Where oblique ridges of 
variable size and altitude are present instead of striae they may appear to 
be caused by wrinkling ol smooth periderm in the grooves during burial. If 
transverse rows of granules take the place of ridges, then grooves are gener¬ 
ally striate instead of nodose. Some eonularioids are even smooth, and in 
others the vertical ornamentation submerges the transverse pattern. 

Specialists recognize a score o£ Genera, of which Conuluria is the most com¬ 
mon and representative form (Fig. 4.12.1b). It ranges through every Period 
in the Paleozoic Era and has produced some valuable guide fossils, in all of 
which the transverse ornamentation crosses the interfacial groove. JW- 
coniilarip, on the other hand, is a Silurian to Mississippian form in which 
transverse ornamentation is interrupted at the interfacial groove (Fig. 4,12.5). 

AFFINITIES OF CONULARIOIDS. For many years the eonularioids 
were assigned by different authors to the worms or gastropods (pteropods), 
but since K-iderlcns studies in 1937 opinion has grown that these odd struc¬ 
tures are thin membranous cuticles secreted on the outer surface of jellyfish. 
External expression of tetra metal symmetry is enhanced by study of Eocomt- 
lariii , in which four V-shaped septa extend in from the periderm at the 
positions of the midline (Fig. 4-124). A seemingly identical arrangement 
exists in the soft tissue of a living jelly fish (CraierolopAus)^ Moreover, various 
eonularioids are known to develop longitudinal ridges on the inner surface 
in opposition to their lateral lines as well as the mid lines. These ridges can 
be homologous either with traces of contractile muscles or with bases of 
attachment of tentacles in jellyfish. Perhaps the most convincing evidence is 
seen in 3 specimen of Conchopitus from the Ordovician which has been 
figured by Moore and Harrington (195$, Fj^) and in which traces of 
many tentacles are preserved. Conchoptlm is, perversely, the most aberrant 
of all eonularioids (if, indeed, it is a conubrioid), being nearly flat (Fig- 

The final evidence in support of the scyphozoan affinities of the conuhri- 
oids comes from the habit of these treatures, Rucdemann and others have 
found conuJarioids attached by basal discs on their slender pointed tips; there¬ 
fore, at least some were sessile (Fig+ 442JS}. Others, though, had rounded 
apical portions and show r no sign of attachment. Still others contain an 
oblique diaphragm near the apex and seem to have used it to seal off the 
extreme apical portion when the creature broke loose from its place of 
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attachment and became free-living (Fig, 4.1X7), This history is compatible 
with what we know of the true Scyphozoa and their sessile act inula larvae. 

As matters stand now, considerable drcumstantkl evidence supports assign - 
mem of the conubrioids to the Scyphozox On the other hand, it is still 
possible that the conuhrioids may represent a separate group of animals of 
unknown affinities. 


QUESTIONS 

i T Why might problematic organisms comprising the gra probes, stromatoporuids, 
and comilariaids all be classified with rhe lower coclcntcrates? 

±. Give in example of an evolutionary "dead end'" among graptolitcs. When 
did (he trend become disadvantageous? 

3, What similarities exist between com part mentation of the most advanced 
fusulinids and the most advanced stroma topo-roids? What biologic significance 
Ls attached to ibe similarity nod what explains the similarity? 

Why should [here be any reason to give different Linnaean names to hydroid 
and medusoid generations of the same species of Hydrozoan? 

5. Explain the difference between dimorphic and polymorphic animals and sup¬ 
port the distinction wish examples. 
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HIGHER COELENTERATES (MAINLY CORALS) 


PHYLUM IV. COELENTERATA (Continued) 

The higher codeine rates comprise the cords, the sea anemones, and ihe 
comb-jellyfish or ctcnophorrs. Of these, only the corals arc paleontologically 
important. Indeed* the corals constitute one of the major groups of fossils. 
The classification of higher coelenicratcs presented below concludes ihe 
classification of codentcrates begun in Chapter 4 and contains detail on the 
Class Anthozoa. An attempt has been made to carry the following classifies 
tion down to the level in each group which will enable practical recognition 
of units in the field. In different Subclasses this varies between Orders, Sub¬ 
orders, Families, and arbitrary morphologic groups. 

Phylum IV. Codentcota (Continued) 

Qajs E. Anthozoa 
Subclass 1. Tabulate 

Family a. Chaetetidae 
Family h. Tetrad iidac 
Family c. Auloporidie 
Family d. Syringoparidac 
Family e. Halystildae 
Family f+ Favositidae 
Family g r Hefiolitidac 
Family h. Cakpocciidae 
Subclass 2. Rugosa (Tctracoralla) 

Group of Columnarhds 
Group of Cyatha^tHiiids 
Group of Zapbmnthids 
Group of Cyathophyllids 
Group of ClisiophyUSds 
Group of Cystlphyllids 
Group of Porpitids 
Group of Lophophyllids 
Group of Polycoeliids 
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Subclass 3. Heiefocpralla 
Subclass 4. Octocoralb (Alcyonaria) 
Subclass 5. Mexico rail a 
Order a. ZoarLthida 
Order b r CoralEimorphitJa 
Order e. Act inula 
Order d, Scltraainida 

Suborder (1). Asiwperdhj 
Suborder {1). FlingSina 
Suborder (3). Faviina 
Suborder {4}. Catyophylliina 
Suborder (5). Dcndrophy lUina 
Order c, Antip.uhida 
Order £. Cerknthida 
Class F. Cicnopbdra 


Class E. Anthozea 

The name Anthozea was coined for corals and corallike animals because 
the brightly cobred polyps with their extended tentacles resemble flowers, 
yet are animals. The confusion of early naturalists as to the plant or animal 
nature of these organisms is still reflected in our use of the name “sea 
anemones for some of the soft-bodied polyps with numerous radiating 
tentacles. Moreover, corals, together with sponges, were formerly referred 
to as "zoophytes” meaning animal plants. All of the corals, as well as a few 
rather noncoraliine-appearing organisms, constitute the Amhozoa. 

ZOO LOGIC FEATURES. Principal features of the advance of corals 
over other coctenterates lie in the development of a more efficient digestive 
system. Primitive coeie me rates have a simple baglike end cm cron whose 
digestive efficiency is measured by the area of the inner surface of the body 
wall. If the diameter of a coclcncerate were doubled, then the area of the 
digestive surface would be increased fourfold in a spherical coejenteron and 
threefold in a cylindrical coelemeron. Although this means of increasing 
digestive surface might work for small increases in diameter it would be 
entirely unsatisfactory for major increases because not only would the volume 
of water in the coclenteron become so large as to limit the effectiveness of 
digestive juices, but the weight of the animal would be greater than the 
body wall could support. It is obvious, then, that the point of diminishing 
returns would soon be reached by this system of growth. The problem of 
digestive efficiency was solved in the Anthozoa by infolding the body wall 
into mesenteries (Fig. 5.1). These mesenteries are thin sheets of tissue which 
hang like drapery from the inner oral surface of a polyp to the floor of the 
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codentcmn. Mesenteries normally occur in pairs. They radiate outward from 
the stomodaetim, or below it they radiate from their free ends near the open 
vertical axis of the coclenteron to the side walls of the coclentcron where 
they merge with the body wall, inasmuch as mesenteries may be covered 
with absorptive surface on both sides, they increase the digestive efficiency 
of a coral very greatly without adding anything to the size of the polyp, 
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and ihey even decrease by displacement some of the water which would 
otherwise dilute digestive juices. Corals emplaced their mesenteries in several 
patterns. Moreover* one side of each mesentery bears a thin longitudinal band 
of retractile muscle. Muscle bands of pairs of mesenteries commonly, but not 
in all cases, face each other (Figs, 5.1,3; 549,2* 3* 7). The number and pat- 
terns of mesenteries and the position of muscle bands ail have come to be 
significant in subdividing Anthozoa into smaller taxonomic groups. 

Food supply is captured by stinging tentacles on the ora] surface, after 
which the paralyzed prey is brought into the mouth by muscular contraction 
of the tentacles a aid the oral surface. The oral opening leads into the 
stomodacum, so eventually the captured crustacean* small fish* or other food 
enters the coclcnteron and the oral opening closes by contraction of a circular 
muscle ring. If the prey is not dead, then additional nematocysts on Ehe 
mesenteries or on threadlike acontia in the codcntcron finish killing it, and 
digestion commences. Undigested material is voided back through the 
stomodacum by muscular contraction. Nutrients preduced in the coelen- 
icron diffuse into the tissues without benefit of a circulatory system s although 
hollow centers of tentacles assist in its distribution. 

The nervous system is more effective than in primitive coc|enterotcs> al¬ 
though it is still a simple net, Sexual reproduction is like that of other 
coclentcratcs, although the planula larva produces another identical coral 
polyp directly without recourse to alternation of generations. Sexes cither 
arc separate, or corals may be hermaphroditic. In the course of embryonic 
cell division, the middle layer of mesogloea which characterizes simple co- 
denterates may be occupied in some higher forms by cellular tissue, thus 
producing the three-layered condition characteristic of higher animals. Re¬ 
productive organs arc located internally on the mesenteries, so sex cells or 
larvae must escape through the oral opening. Geographic distribution of 
these bottom-dwilling coralline organisms is by means of the planktonic 
planula larvae. Inasmuch as larval stages last from 1 to 50 days, oceanic 
currents of norma! velocity readily can transport some species about 300 
miles in one generation. This helps to explain the rapid recovery of corals 
upon denuded surfaces of reefs and the great geographic ranges of spedes. 
When an anthozoan polyp is at rest water enters and leaves the coclcnteron 
freely through the oral opening* Currents of water which are set In circula¬ 
tion by the beating of flagella in the codentemn and on the siphonoglyphs 
may transport sex cells or planula larvae out into the surrounding water. 

SKELElAL FEATURES- Only those corals with solid calcareous skel¬ 
etons arc significant paleontologically. In its simplest form the skeleton is 
merely a conical cup (theca) which contains the soft polyp. Most corals* 
however* secrete radial partitions (septa) which lie parallel with the fleshy 
mesenteries and arc fused to the theca (Fig. 5.1^,)* Septa serve to hold the 
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pairs of mesenteries apart and in maintain the form of Lhc polyp. In addition* 
the body wall is thrust inward as the septa grow toward the axis and there¬ 
fore the digestive area within the eodentemn is increased in the same way 
that it was increased by development of mesenteries, Septa arc inserted be¬ 
tween pairs of mesenteries and project inward through distances propor¬ 
tional to the lengths of the mesenteries; hence they provide an accurate 
measure of this soft anatomy of the coral polyp, even in fossil forms. 

As polyps grow upw r ard they tend to seal off the earlier portions of their 
skeletons with horizontal plates of calute called tabular. Thus* a coral polyp 
only inhabits the upper portion (calyx* pi calyces) of the skeleton P 

Many corals exhibit a strong tendency toward colonial form. Each colony 
is a coralium and each individual in the coralium is a corallite. 

CLASSIFICATION. Methods of classifying living Anthozoa are not 
consistent with methods applied to fossil Anthozoa, Among Recent forms 
die number and distribution of tentacles! kind of nematocysis, and number, 
symmetry,, length* and microstructiire of mesenteries are given prime con¬ 
sideration. On the other hand, all fossil and some living corals are distin¬ 
guished on features such as growth habit and the sequence of appearance 
and the mi crust ructure of septa. 

Several satisfactory classifications of Anthozoa are available. The following 
arrangement is somewhat different from most recent systems because it at¬ 
tempts to resolve corals into a few' major contrasting groups, each of which 
is then carried down to whatever level is generally significant to paleontol¬ 
ogists. More definitive classifications have been proposed recently in the 
Treatise on Invertebrate Paleontology, but continued lack of agreement on 
number* rank* and position of taxa is a reflection of the need for additional 
study of Amhozoa. 

SUBCLASS I. TABULATA 

Tabulate corals consist of colonial masses of slender eora Mites in which 
septa usually are absent, but if present they are represented as vertical rows 
of spines. Tabulae are the only obvious morphologic features within thecae; 
hence the name of the Subclass. Corallitcs of some tabulate corals are loosely 
bundled together, but most polyps have grown so closely together that the 
curallites are prismatic. Walls of coraMites may be solid but, more typically, 
adjacent cpratUics were in communication laterally in some manner. Loosely 
bundled coraUites were variously connected by tubular processes, horizontal 
plates, and spongy or vesicular surrounding tissue (coencnchyme). but pris¬ 
matic coral Kites communicated by means of mural pores which ordinarily 
penetrated the thecae of adjacent coraMites. Mural pores have been inter¬ 
preted as abortive bud bases by some paleontologists; at any rate* new corah 
lites do seem to arise from positions of mural pores in some tabulate corals. 
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The colonial tendency of some tabula to progressed so far that the thecae 
tended to break down and calyces became interconnected. Basal and lateral 
portions of the massive coral la generally were enveloped in a rind I ike 

cpitheca. 

About mo Genera of tabulate corals arc known, most of which can be 
assigned to one of the Families in the following key. 

Key to Common Families ot Tasuiata 
I. Diameter of coraliites generally less than a mm 

A. Septa lacking -,. + -„-. t . , ... „ . __ Chactetidae 

B- Septa present . ......... . Tetradiidae 


IF Diameter of coraliites more chan z mm 

A. Cgralta not massive 

I- Thecae not in contact laterally 

a. Intrusting habit ......._ . ,. .... Autoporidac 

b. Erect habit . . .. r . Syring&poridae 

2, Thecae in contact in linear scries ... Halysitidae 

B. Coral I a massive or with coenenchyme 

l, Coraliites prismatic . . . . Favositidae 

a, Coraliites circular 

a, Septa iz .. _ __,_ Heliolitidae 

b. Septa more than 12 , ... Calapoeciidac 


Family o, Chaetatidoe 

This Family consists of massive ooralla whose very slender coraliites (al¬ 
most always i mm or less in diameter) merge laterally to form intercom¬ 
municating calyces. Tabulae are very distant. Thecae are nonperforatc. 
Septa are absent. Colonies range from the size of biscuits to large masses a 
meter in diameter. Lhaetctids resemble stony bryozoans so much as to cause 
confusion in ihe absence of thin sections. 

The oldest coral in the world is a somewhat problematic form from the 
Cambrian of Montana upon which the Genus Cambf&pAyttum (Fig. 5.2.1) 
is based. 

Lichcnaria, from the lower part of the Middle Ordovician (Chazy) is one 
of the earliest corals. Its non septate coraliites contain only transverse 
tabulae, LicJtCftdna tends to build biohermal masses in the Appalachian 
region and therefore is the oldest reef-making amhozoam 

Charters, the type Genus of the Family, h very abundant in (and is 
almost restricted to) Lower Pennsylvanian strata in North America (Fig, 
5,22* 3). It becomes a minor reefTormcr in the Midwest, in the Great 
Basin, and in the Parados Basin. Elsewhere over the world this very simple 
kind of coral has been reported from Ordovician into Mesozoic and even 
Cenozoic rocks* but most of these non-Pennsylvanian reports need to be 
critically reexamined. 
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Family b. Tetradiidaa 

Tetradiid corals have four short septalike flanges, each of which is located 
at the center of one of the sides of the generally square coral!lies. Coralla are 
massive heads which usually attain a diameter of 5 or 10 centimeters. 

Tctradium is a common Ordovician Genus over much of the world. Its 
pseudosepta differentiate it readily from Chactetcs and the stony bryozoons 

(%* 5 J -5>* 

Family c, Autaporidoe 

Auloporoid corals consist of tow encrusting tubes which branch at fre¬ 
quent intervals to form a network. Septal spines and occasional tabulae are 
present. 

Attlopora is a very simple form reported from Middle and Upper Paleo¬ 
zoic rocks over most of the world (Fig. 5+3*3)- ^ principal importance is as 
a probable ancestral form from which many of the erect Tabulata, such as 
Syringopora, could have arisen. 

Cladochonuf, from widespread Middle and Upper Paleozoic strata* pro¬ 
duced alternating, free, conical coral!lies which arose from a basal attachment 
to some foreign object like a erinoid stem. 

Fa mil y d. Syr 1 ng oporicta* 

Syringoporaid corals consist of loosely bundled cylindrical corallkes which 
are joined by tubular lateral processes. These processes may be irregularly 
distributed, or in whorls of threes or fours. Transverse sections of coral Sites 
reveal large vesicles clustered around a central open space, but longitudinal 
sections show a highly diagnostic pattern in which a faintly tabulate central 
tube is surrounded by extremely long, nearly vertical marginal tabulae 
(Fig. 5.3a}. Septal spines often can be seen in rows on the theca. Syringo- 
poroids were modest contributors to Paleozoic bioherms and biostromes. 

SyritigQpot‘& is one of the most widespread Genera from Silurian to Per- 
mian, and yet it is extremely difficult to identify specifically (Fig. 5.3.1, z)> 
It has irregularly dispsed lateral processes, whereas processes in Hayward, 
from the Pennsylvanian* occur in whorls of four* 

In Eoflettherid, from the Middle Ordovician of Quebec, Utah and Nevada, 
the tubes are pipe!ike with a few- rather transverse tabulae and no septa 
(Fig r 5.2.4). Cora Hites arc loosely bundled with lateral processes as in Syringe 
p&ra r Eoflftchcriii may be ancestral to die other Syringoporidae. 

Family e. Halysifida# 

One manifestation of the trend toward increasing compacLness of coralla 
is exemplified by the "chain corals” in which corallites arc arranged in 
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intersecting rows. In plan view the coral la resemble intersecting loops of 
chains. In three dimensions the anastomosing row r s of corallites surround 
irregularly shaped vacant regions called lacunae. Tabulae are horizontal and 
septal spines are almost unknown. Coral la usually arc broad and chick, the 
average large size being no more than a foot (20 to 30 cm) in diameter and 
3 or 4 inches (S or to cm) thick. Most colonies break up as they weather 
out of the matrix. 

Catcnipora „ the oldest and least common Genus of chain corals, is char¬ 
acterized by the presence of only one kind of corallitc in a corallum (Fig. 
5-34) B Catirnipora ranges from mid-Ordovician to mid-Silurian, but is rarely 
encountered in other than Ordovician strata. It was never a common Genus* 
except perhaps locally in Montana, Utah, and Nevada. 

Haiysitcs is the commonest Genus of chain corals (Fig, 5 - 3 - 5 “^)‘ ■* 

characterized by the presence of two kinds of corallites which alternate with 
each other in the chainlike coralla Autoeorallites are the large normal coral- 
lites with elliptical cross sections. Mesocomllltcs arc quadrate in cross sec¬ 
tion and are only about one-fourth as wide as the autocora]lites. Meso- 
cora!lites seem to have assumed the function of providing sites from which 
new branches could bud off. This seems to have been a significant ads milage 
because the history of chain corals reveals the ascendancy of Hdyiiu* and 
the decline of Catcnipora Maly sites is a worldwide index of Silurian time, 
although a few Ordovician and Early Devonian occurrences have been 


reported. 


Family l + Fovostlidae 

Favosiiids are the most diverse of all the tabulate corals. Except among 
the earliest and most primitive forms H the corallites are prismatic, and the 
coralla are massive and strongly constructed. Shapes of coralla vary from 
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broad expansions to small spherical* large domelike, or erect branching 
growths. The compact colonies arc usually less than i foot (30 cm) in 
diameter, and branches of the arborescent forms are generally less than a 
inches (5 cm) in diameter. As found in the field, however, favosiud corals 
are commonly so intergrown with other tabulates and with stromatoporoids 
that k may be difficult 10 detect the margins of individual colonies. 

Septa arc represented in many species by longitudinal rows of very short 
spines. Tabulae are horizontal and usually extend completely across the 
corallines. A distinctive character of all favosirids b the presence of mural 
pores* which are partial or complete perforations of the walls between ad¬ 
jacent eorallites. Mural pores are important in identification of various favo- 
siiids because the number and distribution of mural pores vary among dif¬ 
ferent species. Mural pores may be centered on the prism faces of the 
eorallites or crowded near the edges, and they may be in straight lines or in 
obliquely offset pairs. Fortunately* when a favositid is broken, the fracture 
planes usually pass along the prismatic faces of eorallites, whereupon mural 
pores can be studied readily with a hand lens. For careful work, however, it 
is necessary to prepare transverse and longitudinal sections of a few eorallites. 
Favositids are known from the Ordovician to the Permian, but they are 
particularly abundant in Silurian and Devonian strata. 

The oldest favositid is Ptilffofavositcs from the Ordovician (Fig. In 

this Genus the mural pores are on the angles between faces of the prisms. 

Favorites, the typical Genus, ranged between Late Ordovician and Early 
Mississippian but is tremendously important in Silurian and Devonian strata 
(Fig* 52.8-10}* 

Emmonria is a Devonian Genus in which many tabulae dn not extend 
completely across the carallites (Fig. 507). Actually, Emmons:® contains 
special, thick, shclflikc flanges (squamulae) around the inner margins of the 
coral!ite which resemble tabulae, but against which irregular tabulae abut. 
Sqtiamulae are modifications of septa, 

Fomily 9. Heliolitidoe 

The circular eorallites of the helioliuds arc surrounded by a vesicular or 
tubular coencnehyme. Twelve spinose septa are present* and tabulae are 
horizontal* 

H thorites, from the Silurian and Devonian* is the classic example of the 
group (Fig, 5.2.12), It resembles the Recent octocoral, Htkopora, so much 
that several paleontologists have considered ticriohtts to be an ancient an¬ 
cestor of that group, in spice of she fact that the Octocoralla all have eight¬ 
fold symmetry and normally have spicular or gorgonine skeletons, Hthorites 
has also been referred to various other coralline groups or separated as a 
distinct Order. 
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Family h. Colapoeufdac 

Among the cocncnehymal tabulate, the calapocciids arc characterized 
by the presence of 11 septa and a coenenchyme consisting of tabular and 
septal extensions which intersect in spates between neighboring thecae. 
Mural pores lie in horizontal rows, 

Calapotcm is from the Ordovician and Silurian, as arc the other members 
of the Family (Fig. gj2*n). 

GEOLOGIC HISTORY OF THE TABULATE To the Tabulate be¬ 
longs the distinction of being the oldest unquestioned corals* Bursts of co¬ 
lonial forms appeared among tetrad ink* calapocciids, auloporids, and pos¬ 
sibly chaetetids in earliest Medial Ordovician (Chazy) time in North 
America. Almost immediately reef-making tendencies became evident among 
the tabulates. Halyskids, hctiolitids + and syringoporids appeared by the end 
of the Medial Ordovician and the remaining major Family,, the Favositidacj, 
was introduced in Late Ordovician time. 

Silurian tabulates are principally represented by the favositids and haly- 
sitids r By that time most of the Ordovician groups either had declined 
considerably or had become extinct* During Devonian time the favositids 
maintained their dominant position, but syringoporids were increasingly 
important. Finally, the syringoporids acquired and maintained dominance 
in the Late Paleozoic, except for the one flare of chaetetids in Early Pennsyh 
vanian time, and except for an occasional abundance of slender branched 
favositids. 

During their history the tabulates were important contributors to the 
stratigraphic record, but they are notable for their reef-budding capacity only 
during parts of the Silurian, Devonian and Early Pennsylvanian. Almost 
from their inception they were overshadowed by the next group to be con¬ 
sidered—the Rugosa. 

SUBCLASS 2, RUGOSA (TETRACQRALLA) 

When Anthozoa first began to build skeletons in mid-Ordovician time, 
the Rugosa were on hand lo engage in this early explosive development 
among sessile organisms, Similar colonial bursts by hexacorals in the Meso¬ 
zoic and Ccnozoic Eras were to produce spectacular reefs whose dimensions 
exceed those of Paleozoic reefs. Even so* the Paleozoic corals still were suf¬ 
ficiently adaptive and variable to anticipate almost every structural modifica¬ 
tion followed by their later remote cousins^ In fact^ the structural diversity 
and rapidity of evolution among rugose corals have been matched by only 
a few other groups of animals. When any group of organisms is able to 
occupy a hitherto vacant space particularly suited to St in the economy of 
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nature it is said that a biologic niche is being 111 led. Under ibese ckcum- 
stances almost every variation in the group is successful* and we see re¬ 
markable increase in numbers and in diversity of individuals. This was the 
case with the Rugosa as their vigor was expressed in myriad ways during 
a period of about 400 million years, only to end with their sudden and in- 
explicable decline and extinction at the end of the Permian. 

Rugose corals were generally common in the calcareous sediments of 
Paleozoic cpeiric seas. If a coral weathers out of an outcrop so cleanly that 
the external shape and the details within the concave calyx can be seen* then 
the specimen usually is readily identifiable But commonly the calyx is ot> 
scured with matrix and the specimens muse be sawn or ground in half 
transversely and lengthwise in order to establish clearly the nature of iii j 
ternal features. The nuisance of having to make these minor lapidary prepa¬ 
rations is more than offset by the increased usefulness of the material. Inas¬ 
much as most corals are composed of solid tissue and are very strongly 
constructed* they not only resist alteration by secondary geologic agents 
better than many other fossils do, but they may survive intense diastrophic 
forces. Thus, they may even be specifically identifiable when collected from 
hydrothermal alteration zones bordering intrusive igneous rocks or from 
breeda in shatter zones of faults* 

EXTERNAL FEATURES* Simple rugose corals typically are curved 
cones which resemble horns (that is, they are teratoid in shape); hence they 
are also called horn corals. Most of the simple rugose corals are about 14 inch 
(t2 mm) in diameter and 1*5 inches (35 mm) long. The largest seem to 
have been about 5 inches (8 cm) in diameter and possibly 2 feet (60 cm) 
long. Inasmuch as simple corals were generally attached to the substratum 
by the tip (apex), they were delicately and precariously balanced. An oblique 
and minute scar of attachment truncates the apex of many comb. Some 
corals propped themselves up by building a talon out from one side of their 
apical region to the substratum* and other corals accomplished the same end 
by secreting a scries of slender rootlets like guy wires, Fhere is strong evi¬ 
dence that many polyps preferred a particular orientation with respect to 
direction of current flow. For instance, if they accidentally tipped over, they 
changed their direction of growth in order to resume the original orientation, 
and they even sent out new rootlets to support the new position. Examples 
of these contorted or geniculate corals are commonly encountered among 
different Families (Fig. 5-*Mc)- 

Many corals continued to maintain their conical form as they U P“ 

ward, but eventually their diameter seems 10 have passed an optimum size, 
perhaps by enlarging the coclcnEeran too much and inhibiting the digestive 
efficiency of the polyp. In any case, it is common for corals to change their 
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outlines from conical to nearly cylindrical at maturity. Alterations of this 
kind can be stated in terms of how many degrees of are arc included within 
the apical angle. As opposed to the normal elongate form, some corals fall 
to grow vertically much above the substratum and therefore become discoldal 
through lateral growth. These arc the button corals {Fig, 5,13) which seemed 
to prefer a muddy bottom Into which their large area and small mass kept 
them from sinking. 

Cross sections of simple rugose corals normally are circular* but two 
significant modifications arc recognized. Corals in which the theca is com¬ 
pressed from the sides become wedge-shaped {cunrate) (Fig. 5.8.2). They 
seem to be adapted by streamlining to an erect habit in oceanic currents. 
On the other hand* some simple rugose corals are notably flattened on only 
one side and resemble a Persian slipper with the apex representing the 
turned-up toe. These cakeolid or slipper corals seem to have been adapted 
to a recumbent habit {Fig. 5.8.4), Some of them were provided with a mov¬ 
able cover (operculum) which could be swung across the calyx like a lid. 

Colonial form was achieved by lateral budding from the sides of parent 
coral!ites (Fig. 5.10.2c), or by calical budding (Fig. 5.4.2). Because the death 
of the parent was commonly caused by growth of the daughter polyp(s), 
calical budding of this type sometimes is called parricidal budding. Re¬ 
juvenescence is a special kind of calical budding found in both simple and 
compound corals in which growth of a calyx alternately is sharply constricted 
or vigorously expanded (Fig. 54.T). Colonial growth progressed in a suc¬ 
cession of stages starting with loosely branched forms (Fig. 5^4.3—7). Phace- 
Joid coralla developed when essentially parallel coral liters became grouped in 
bundles. Corallites of phaccloid coral t a may not touch each other* or they 
may be closely packed, but in any case they retain their circular cross sections. 
Continuation of the trend toward ever more economical packing patterns 
naturally led to corallites in the form of hexagonal prisms, which arc said 
to be cerioid. At this stage it is possible for an epitheca to enclose the entire 
lower and lateral sides of the coralb. By continuation of the main trend, 
however, the two thecae of adjacent corallites may fuse into one common 
theca. Still later this common theca may break down and allow tissue of 
one eorallite to touch tissue of surrounding corallites in what is known as 
astreoid corallites. Or an intervening zone of vesicular material may sepa¬ 
rate whorls of septa in aphroid corallites. In the most elaborate stage (tham- 
nastraeold) the septa of one eorallite become confluent with the septa of an¬ 
other eorallite and resemble diagrams of lines of force round magnetic poles. 
Most of these coralla resemble living brain corals and are usually Jess than 1 
foot (30 cm) in diameter* 

It is convenient for purposes of reference and illustration to divide the 
calyx of a rugose coral Into four quadrants (Fig. 5.5.1). The principal sep- 
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tum 3 which generally lies in a depression (fossula), is the cardinal septum* 
In this text the cardinal position is oriented downward in illustrations of 
calyces or of cross sections. On the opposite side of the calyx from the cardinal 
septum is the generally long counter septum. On cither side of the calyx are 
the two long alar septa? on the counter side of each of which is an extra wide 
space called the alar pseudo fuss ul a. Accordingly! the right and left cardinal 
quadrants extend from the cardinal septum up past the alar septa* and the 
right and left counter quadrants extend from the alar pseudofossulae to the 
counter septum. 




Fig urn SA. at CeraUe- , h . L 

J, Sud# viiw of a liippU coral wiPh nyntftfoy* Uej^ti &f r*[u**na1iDn r 2/3X. 7- viflw 

<rf o limpla carol with thrn colicular buslj, «. 3-7. Sd.a«atie rranev.™ mdSa*, of 

thawing prafiTftuWdy mnii Hippad wtoalaJ flrawlh. 3, p4i&£#Edsd. 4„ «npid.. S r Qltrmps . , 

Op 4 irnd. 7 , Ihaufloitracflid, . 

tl eii*r Kt^i r 1894a. 2 Mltiw-Edwandi end Haim*, IftSK 3-7 e#*** tarts’*, 1944b). 

Growth of the counter quadrants usually is faster than growth of the cardi¬ 
nal quadrants in most simple conical corals: hence the calyx is curved to¬ 
ward the cardinal side* which then can be said to be the concave side when 
viewed from an alar position. When the cardinal septum is on the convex 
side of a curved coral this rather uncommon feature is assigned particular 
taxonomic importance. Different calceolid corals, for instance, have either 
the cardinal septum or the counter septum on the flattened convex side. The 
direction of growth was probably controlled in large part by efforts of the 
polyp to face into the predominant current for it would then avail itself of 
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die most food and the most effective sediment-dispersing action of the water. 
Differential growth of one quadrant over another results in increased number 
of septa, or acceleration of that quadrant. 

The sotid external theca around each corallitc is characteristically in- 
dented by longitudinal septal grooves which lie along the traces of the septa, 
and by interseptaJ ridges which denote the positions of spaces (loculi) bc- 
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iwwn septa (Fig. 5,5.1), In only one or two instances have rugose corals 
been discovered in which septa arc in line with external ridges in the manner 
which is characteristic of Hexacoralla; therefore, the nature of the external 
longitudinal ridges can be used to differentiate the two great groups of 
rugose corals and hexacorals in almost every instance. Moreover, the charac¬ 
teristic patterns of the septal grooves enable one to ascertain details of septal 
development without recourse to prepared lapidary cross sections. 

In addition to longitudinal ornamentation, the thecae of most rugose corals 
arc also marked by concentric wrinkles or rugae, whence rnmr the 
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name of the Subclass. Concentric ornaments finer than rugae arc called 
growth lines. 

INTERNAL STRUCTURES, Sepia arc the first internal structures to 
develop and arc the most obvious features in any calyx; hence their nature is 
a matter of considerable importance in classification. Septa in transverse sec¬ 
tion may be straight, wavy, or zigzag* Normally they arc thin* but they may 
be dilated (Fig. 5^41, 5) by stcreoplasm (secondary skeletal secretion) until 
they bridge across the intervening loculus, or they may be thickened at their 
inner ends to form dub-shaped (rhopabid) septa (Fig. 5.14.1), Two general 
kinds of septa can be distinguished. Major septa extend inward the farthest 
and may fuse at the axis of the coral, whereas minor sepia alternate with the 
major septa and are generally confined to the outer region of a coral (Fig, 
5,5.1). Minor septa may be so short as to be merely spines on the inner side of 
the theca, or they may be long and Scan against the adjacent major septum on 
the counter side as comratingent minor septa (Fig, 5A8). Septa may be per¬ 
forate and appear in transverse section as a line of discontinuous segments. 
Carinate septa develop sloping parallel keels or flanges on their sides which 
show up as spines in transverse sections (Fig- 5.10). 

Two principal kinds of septal patterns are recognized, depending upon 
whether the septa seem to withdraw trom the axial region or from the 
periphery* The first case is typified by the Genus Am plexus, Amplexoid sepia 
extend out near the axis of the corallitc along the upper surface of each newly 
secreted convex tabula, but instead of growing up through successive tabulae 
as a continuous partition in the norma! fashion, amplexoid septa continue to 
grow vertically only near their outer edges; therefore they extend radially 
only as low ridges upon the upper surfaces of the tabulae. In this way they 
seem to retreat from the axis so that they are present m the center of any 
section whose plane passes just above a tabula, but are only present in the 
periphery of sections passing just beneath the next higher tabula (Fig. 
5,8.5, 6). Moreover, there is a tendency for septa of amplexoid corals to with¬ 
draw farther from the axis in successive growth stages, Amplexoid retreat, 
therefore, refers to progressive withdrawal of septa from the axis of a rugose 

coral. _ € .. , r 

On the other hand, Genera such as Lflrtfiafew attjuue a marginal zone oe 
blisterlike vesicles as growth progresses. Therefore septa which originally 
may have touched the theca in early growth stages are separated from the 
theca more and more bv the vesicles. American Genera such as Blothrophyl* 
lum and Cuninophytium (Fig. 5-9 3^ 5) whose septa withdraw from the 
outer margin are said to undergo lonsdaleoid retreat. 

In view of the persistent tendency of polyps to abandon early portions of 
their co rail ires and to change from conical 10 cylindrical, there must have been 
significant advantages in not becoming too long or too large. Itis probable 
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that the trend toward restriction of size Is a manifestation of nicely adjusted 
relationships among digestive ability, food-gathering ability, and size* Effici¬ 
ency of anthozoan digestive apparatus was achieved by mesetueric and septal 
infolding of the body wall* but the efficiency was somewhat nullified by con¬ 
tinuous growth in length accompanied by increased volume due to flaring 
of the theca in conical shapes. The problem of how to retain an efficient 
body size was partially solved by construction of tabulae underneath polyps 
as they moved up in the theca r Tabulae generally are convex upward with 
almost flat centers and down-turned margins. They may be far apart or so 
close together that they resemble an inverted stack of cereal bowls, in which 
case a transverse plane would intersect margins of several tabulae* Complete 
tabulae extend across the entire central area (Fig, 5,K,6b) but incomplete 
tabulae are interrupted in the axial region where tabulae interlock and over¬ 
lap (Fig* 5 ’ r M b )- 

Continued growth and persistent flaring in some conical corals still were 
great enough to disrupt the bodily efficiency* even If tabulae were present; 
therefore additional modifications became possible in order to perfect the 
construction of the organism. A large food-gathering surface is advantageous 
to corals, so the most successful strains seem to have been those which pre¬ 
served this feature but limited digestive volume. Increased efficiency of pack¬ 
ing of corallitcs and elimination of thecae in astracoid and aphroid coralLa 
would assist in extending the food-gathering surface in colonial forms. In 
addition, however, restriction of digestive volume, both in simple and in 
compound corals, arose by development of a cushion of frothy vesicles, the 
dissepiments* around the sides and base of a polyp (Fig. 5.9.3b). Each dis¬ 
sepiment was secreted between septa with its long dimension inclined ob¬ 
liquely downward and its convex surface facing inward. The simplest dissepi¬ 
ments are concentric or angular (Fig. 5.9,1)* More complex ones called 
herringbone dissepiments overbp alternately (Fig. 5.9.3a). Lonsdaleoid 
dissepiments are large vesicles which invariably occur in the marginal zone 
and occupy as much space as three or four of the other dissepiments (Fig. 
5.9,3a* g). Orderly changes in dbsepimental patterns tan be detected both 
in growth stages and in placement in corals. The oldest kind arc concentric, 
and these merge gradually upward into angular dissepiments. Still later, 
about the time that minor septa begin to appear, the margin is occupied 
with herringbone dissepiments and the angular and concentric types are 
crowded into zones closer to the axis. In the latest grow th stages the margin 
may be occupied by lonsdaleoid dissepiments and the herringbone and other 
types are centrally located between the sepia. Thus, the successive zones of 
dissepiments outward from the center of a coral record the history of dis- 
scpimcntal development (Fig. 5.9.5}. 

It is apparent that advanced rugose corals have an axial region of tabulae 
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(lahuLirium) and a marginal region of dissepiments (dissepimentarium) 
(Fig 5 . 9 . 3 b, 4b). As growth progresses and daring continues, the dissepi- 
mentarium rends to increase in width, thus continually restricting the tab- 
ularium to nearly the same space or to only a slightly increased area. Some dis¬ 
sepiments r ia are zoned vertically with normal- and small-sized vesicles like 
growth rings in 3 tree. If, as some people think, these rings are also annular* 
then coral skeletons may provide their own age-determining devices. In sum¬ 
mation* the corals are highly efficient organisms because their ingenious 
compart mentation increases their food-gathering capacity but restricts their 
bodily volume. 

Another trend which may have served to decrease bodily volume in the 
rugose corals is the development of an axial structure (columella) o£ some 
sort. The simplest columella is a plate or rod which extends from an early 
stage up into the calyx where it protrudes as a shaft. This paltcolumelb is 
almost invariably attached to the counter septum and is sometimes in con¬ 
tact with other major septa (Fig- 3.14.2c. ad). An axial vortex or suepto- 
columclb is a conical mound consisting of the inner ends of long major 
septa twisted like a pinwhed (Fig. 5.S.113), Other columelbe arc merely 
chaotic spongy secretions which accumulate in the axial region (Fig- 5.S.10). 
The most complicated columdlac of all start with a median plate and reinforce 
it With short septalike lamellae which radiate from the axis and line up with 
many major septa. Between the lamellae are convex dissepiment like labcllae. 
Transverse sections of the entire structure, when containing all of these parts, 
are strikingly like a spider web; hence these structures are called arachnoid 
columellae (Fig. 5.11.3c). Even if a special columella is not present the 
tabulae may be arched convex upward or may even rise to a crest to form 
tent-shaped structures. All of these axial protuberances reflect 3 diverse senes 
of modifications which, by their presence in corals of many a g s *> H j cm ^ 
indicate that an upward indentation in the base of a poljp prosi e some 
selective advantage, probably by restricting the volume of the coclenteron 

ONTOGENY. Corals arc admirably suited to studies of growth stages 
because even the early morphologic features are preserved at their dps, 
Among higher groups, only the cephabpods, gastropods, and pelecypods re¬ 
tain a record of their growth attached to the mature skeleton. On the other 
hand, arthropods cast off successive skeletons by molting, brachiopods un¬ 
dergo metamorphosis of important internal features, and echmoderms and 

vertebrates expand the actual skeletons. < , 

In the earliest stage, at the very tip of a specimen, only a vacant theca is 
presents but soon thereafter a single axial plate crosses the central space and 

divides it into equal right and left halves (Fig. Jo- 2 ? 3 ) j 1 c P ajr ® 

septa is inserted on the cardinal side, and at the saute time i e axia p Lc 
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divides into iwo segments which now cm be called the cardinal and counter 
septa {Fig. 5,34)* ]n 3 later stage the alar septa move laterally toward the 
counter side, and a new pair of septa is inserted on the counter side (Fig. 
5=5,5). These countcobtcral septa bracket the counter septum. This is the 
final embryonic stage and is one through which all rugose corals are thought 
to pass. Its most important features are the presence of the six so-called 
pnotosepia and a marked bilateral symmetry from the earliest septate stage. 
In later growth stages the septa are inserted only at four points—on either 
side of the cardinal septum and on the counter side of each ahr septum 
(Fig. 5.5 j6). This is why the Subclass is also called the Tetracoralla* As new 
major septa arc inserted, those already introduced grow straight up. But 
because the coral is conical, they seem to move away from the cardinal or 
alar septa; therefore space U created for new septa to be introduced in the 
same four places. Finally, when all major septa arc in place at maturity* one 
complete cycle of short minor septa is inserted almost simultaneously in 
all quadrants; each minor septum is inserted in the loculus between two 
major septa. Third-order septa have been observed in a few rugose corals. 

Ontogenetic studies of rugose corals have provided one of the most con¬ 
vincing demonstrations of the Theory of Recapitulation yet set forth. The 
late English paleontologist, R, G. Camithers, described a suite of closely 
related rugose corals which were distributed in about half a dozen zones 
through a succession of 4000 feet of Carboniferous sediments, In the oldest 
of these corah, Zaphrcntitcs delanouci, the cardinal fossula expands near 
the center and becomes keyhole-shaped, the cardinal septum is long, and the 
septal plan is strongly bilaterally symmetrical (Fig, 5,6.1, 2). In the next 
zone up-section^ few specimens of 2. delsnoaei arc present, but its descendant, 
Z. parallels, is the common form. Juvenile stages of Z. parallels (Fig. 5,6.3} 
resemble the adult stages of Z. dtlanoud (Fig. 5.6a), but Z. parallels pro¬ 
gresses into a condition in its adulthood in which the cardinal fossula be¬ 
comes parallel-sided, the cardinal septum becomes shortened, and the pinnate 
septal pattern bordering the cardinal fossula gives way to a somewhat radial 
septal plan (Fig. 5*6,4), At a still higher zone, Z. constricts becomes the 
common form but Z< parallels is less common and Z. ddanouci is absent 
In mature stages of Z. constricts the cardinal fossula is narrower at its inner 
end than at its outer end and the septal plan is more nearly radial (Fig. 5,6=6), 
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but sections of its early stages rcscmbic mature sections o£ Z. par did a. 
In the higher zones of the Carboaifcroiw the members of the lineage arc 
characterized by a rapid ampItKoid withdrawal of septa from the axis* the 
perfection of radial symmetry of septa, and a freeing of the inner ends of 
the septa (Fig. 56.7- 12} r In all of these forms the cardinal septum is rep¬ 
resented in sections by a mere spine. An early stage of Z. pseudo pardlda 
(Flg^ 5-6.7) still resembles mature stages of 2. consirieta somewhat (Fig, 
5.6,6)* In like fashion the mature stage of Z. pxudoparallda (Fig. 56.fi) 
is recapitulated in an early stage ol Z, disjunct*.1 (Fig. 56-9), and the mature 
stage of Z, disjunct# (Fig, 5.6.10) is recapitulated in an early stage of Z. 
bremsepta (Fig. 5.6.11), 

Throughout the sequence from Z. ddanouci to Z. brevhepta each newly 
evolved form preserves in its early stages the morphologic features which 
characterized the adulthood of the next lower zone marker. It is also im¬ 
portant to note that each zone is populated by an association of forms., some 
of which represent the dominant species, and others represent the ancestral 
or the descendant species. Tims, the flow of evolution can be gauged by 
changes in the percentage of different species from zone to zone. It is neces¬ 
sary to study populations rather ihan single specimens in order 10 demonstrate 
this kind of recapitulation. Rarely have stratigraphic sequence, morphologic 
series* and ontogenetic series been so clearly demonstrated among fossil an¬ 
imals as in the foregoing ease. 

CLASSIFICATION. Rugose corals have been segregated into 30 or more 
Families, but no very clear system of arranging these Families into larger 
groups seems to tie possible* Common practice, however* leads to recognition 
of several basic kinds o£ rugose corals which more or less correspond to 
Families. These “Groups" as they are hereafter designated, are artificial cate¬ 
gories containing Genera which resemble each other in shape, and in charac¬ 
ter of septa, dissepimeriiaria, and columellae. If microscopic structure of 
septa and presumed genetic trends are all to be considered, then a much more 
elaborate classification such as is presented by Hill (1956) is needed. A key 
to the functional classification presented herein follows* Major morphologic 
trends are depicted in Figure 5,16. 

Key to Artificial Gmups of Rugose Cohals 
L Dissepiment Hum lacking or rudimentary 
A. Columella lacking 
1, Corals simple 
a* Corals conical 

(1) Septa tapering . ♦♦♦*.. ... Zaphrenthids 

\ 2) Septa rhopaloid . Folyeodiids 

k Corals button-shaped __ _ „_ _ ____ Porpitids 

2-. Corals compound ....... T T .... T + ± . Columnariids 
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R r Columella present 

1. Minor sepia contralirtgenl . . - . Cyaihaxoniids 

2 , Minor septa noi eontratingem Lophophyllids 

II. DusepiinenUrium broad 

A. Col u me] la lacking 

j t Tabulurium Sacking ... Cystiphyllids 

2, Tabulariuirs present ... . Cyathophyllids 

B, Columella present . .. Cltsiophyllids 


Columnariids. The columnar! id corals are alt compokind coralla with 
small phaceiocd or ccrioid cor all lies. Sepia may be b iwo orders. Dissepi¬ 
ments are absent in early forms, 

Fntfisteiia (which is widely cited in American literature as CoUunnana) 
is one of the commonest Ordovician corals. It is cenoid and the septa are 
about 12 in number. Coralla generally are less than to centimeters in dia¬ 
meter (Fig- 5-7+0* 

Cyadmomids. Cyatbaxomid corals are simple and usually are curved 
cones. Most major septa reach the columella, which consists only of an axial 
rod r Minor septa arc conLratingent. Tabulae a/e present but dissepiments are 
not. 
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CyntAaxoma, the typical Genus, is characteristic of Mississippi n strata 
over most of the world. Its carinate eontratingem septa* in company with a 
columella and prominently fibbed exterior surface* enable ready identification 

(Fig- S- 7 - 2 ^)- 

Zaphrenthids. The simple, conical* zaph remind corals consist basically of 
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a theca, septa, and tabulae, thus comprising a sort of generalized stem group 
upon which later modifications could lie impressed. No doubt many different 
genetic groups evolved from a znphrtn thic! stage. 

Zaphrenthis itself is a Devonian form with carinate sepia, but myriad 
noncarinatc forms in Middle and Upper Paleozoic strata have been referred 
to this Genus (although the name comm only lias been misspelled Zaphren- 
Its.) 

Strepteiasma, from the Ordovician, is the firsL simple abundant rugose 
coral Genus, Its sireptocolumella is characteristic (Fig- 5.8.12)- 

Ntozapkrerstis (Mississippian), Tnplophy Hites (Mississippian to Permian), 
Ant plexus (Devonian to Permian), and Hapsiphyllum (Mississippian to 
Permian) arc representative Genera, most of which reveal a prominent 
cardinal fossula and two alar pscudofossulae in each calyx (Fig- 5.S.1-3, 5~S)- 
Various strains of zaphrenthid corals became characterized by new kinds of 
oolumellae. The oldest of these axial structures were the paUcolumcllae in 
Bighornm (Fig, 5J8.11) and the strcptocolumdlae in StrepteUsma (Fig. 
5.8,12), In the Silurian, the axial region of Syriagtxem was raised in the 
form of a tabulate tube (Fig, 5-8.9), and in the Devonian Enteralatmit had 
a sdcrocolumdh (Fig. 5,8.10). The Mississippian Neozaphtentis (Fig. 
5.8,7) did not have a true columella, but the axial tip of the counter septum 
projected far up into the calyx. 

Cyathophyllids. Cyathophyllid corals represent a modification of the 
zaphrenthid form in which the tabular!um is surrounded with a dissepimen- 
tarium. Both simple and compound cyathophyllid corals are known. 

Aulfteop/tylluni is a primitive Devonian cyathophyllid coral with a narrow 
disstpirnemarium (Fig. 5-9.2). Bethznyphyllum is typical of a host of 
Devonian corals with wide dissepimentaria, concentric dissepiments, and 
thin major septa (Fig. 5.9,1)- Corals of this sort usually have been referred 
to the form Genus Cyathaphyliunu Cattinia, the most common Carbotnf- 
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emus Germs, has prominent herringbone dissepiments, and the major septa 
in the cardinal quadrants are dilated (Fig, 5 94)- ffi other Carboniferous 
Genera such as Caninophylium (Fig. 5.9.5), some of the dissepiments are 
(qnsdalcoid and all of the major septa are dilated. A separate lineage in which 
lonsdaieoid dissepiments are dominant is exemplified by BlothrophyUitm 
(Fig. 5.9.3.) from the Devonian, Another common Genus* notable for its 
trend toward aphrqid cora Elites, is PachyphyUum from the Devonian (Fig, 

A separate group of eyathophyllid corals is characterized by the presence of 
carinae on the septa (Fig* 5.10}. HcliophyUum is a common simple Genus, 
whereas Eridophyllum is loosely phaceloid and Hexagoriana is ccrioid. All 
of these are common in the Devonian. 

Clkiuphyllids. Addition of an axial complex to the eyathophyllid plan pro- 
duces the elisiophylHds. In some disiophylkd forms a reversal of the direction 
of evolution is demonstrable in which the axial structure is progressively lost. 
In their most complex condition the columdlac consist of an axial plate, 
lamellae, and tabellae, but one or another of these three may dominate the 
structure in different Genera. Very commonly modifications of the dis- 
sepimentaria lead concurrently to development of a lonsdateoid outer zone. 

Clhiophytlum, from the Carboniferous of Europe* is the type example of 
the group., but numerous similar Genera occur in the Upper Paleozoic rocks 
of many lands. In North America Uthostrotiondte is an advanced colonial 
form with lonsdaieoid dissepiments (Fig. 5,11.3). h occurs in Mississippian 
to Permian strata. Over much of the Midwest and Cord i He ran regions from 
Canada to Mexico it is a characteristic Early and Middle Mississippi^ Genus. 
True Ulhostrotion is only locally common in North America (Fig, 5-11*2}# 

Simple disiophyllids are typified by Nio^oninc^ophylhim from the Lower 
Pennsylvanian. Its columellae are dominated by labellae and a few Lamellae 
(Fig. 5.11.1)* 

Cystiphyllids. Once the trend toward dissepiments was started it pro¬ 
gressed to such extravagant development of this one feature that other in¬ 
ternal structures were obliterated, leaving only dissepiments. Simple cysti- 
phyllids seem to be short-lived offshoots of the cyathophyllids* 
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Cyitiphylloidcs from the Devonian is a fine example of the cyst iphy hid 
irend. Some species retain relics of septa in the axis of the calyx (Fig. 5.12.x) 
or there arc septal spines attached to some dissepiments (Fig. 5.S2 r 2h) T 

Porpitids. Button corals seem to be offshoots of the simple zaphrenthids 
which failed to grow upward but spread out horizontally. They were par¬ 
ticularly well adapted for life on soft bottom sediments. Most of the porpitid 
corals consist of little mure than a solid base with ridgelikc septa extending 
over its surface. 

Pot plies is a Silurian form. Hadrophyllum (Devonian) is probably the 
most common Genus in North America, although other forms are known 
into Pennsylvanian time (Fig. 513). The group seems to be decidedly poly- 
phykiic; dial is p corals with the same appearance were derived from several 
genetic strains. 
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Lopbophyllids. Lophophyllids resemble simple cyath axon ids in having a 
palfcotumclh, but they retain the septal pattern of zaphrenthids instead of 
having con tra d ngen t minor septa. Commonly the axial ends of septa are 
swollen (rhopaloid)* Septa are rarely carinate. 

Lophx}phyHidium is a very common Pennsylvanian and Permian Genus 
over most of the world and is especially abundant in Pennsylvanian strata ill 
the midcontinent (Fig. 514.2), Soch^ineophytlum. from Upper Paleozoic 
rocks of the northern hemisphere, resembles some of the next group of corals 
(polycocliids) in possessing septa of different lengths (fig. 5.34,1)* 

Folycoeliids, Polycoeliids are simple corals without columcllae* but their 
major septa are generally rhopaloid, Striking bilateral symmetry is attained 
tn those forms in which a few major septa are more rhopaloid than the re¬ 
mainder are. 

Tathyfosma and PlcrophyUstm arc excellent examples of polycoeliids from 
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the Permian System of die Old World (Fig, 545}. Although really distinctive 
polycocliids arc lacking in North America, the group is cited herein because 
the polyccjeliidi were the last Hugos* to evolve before the extinction of the 
Subclass. Moreover* some authorities have suggested that the septal patterns 
of the poly toe Lids are transitional between patterns of corals in typical 
temporal* and typical hexatorak. 

GEOLOGIC HISTORY OF THE RUGOSA. Although the Tabuhm 
are the oldest undoubted corals, they had hardly become established before 
the Rugosa appeared. Some paleontologists think that rugose corals must 
have evolved from colonial ancestors, whereas other writers think that rugose 
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corals existed as noiiskeletal simple polyps like sea anemones before they 
started to secrete exoskeletons in Medial Ordovician {late Chazy) time. In 
anv case, two of [he oldest Rugosa arc referable to rbe colonial columnariid f 
Favistclltf, and one is referable to the simple zaphrenthid, Sfrepirfasma. 
Okulitch (193^* 193H) has shown how greatly the corals (Rugosa and 
Tabulate) expanded from Chazy into succeeding Black River time. The 7 
Genera and 9 species of Chazy corals were succeeded by 8 Genera and 21 
species in the Black River, but Oktilkcb ihought it probable that Black River 
corals were numerically several hundred times more a bund am than Chazy 
corals. It may be significant that 7 or 8 oF the Chazy corals were colonial and 
16 of the Black River corals were colonial. Although the Rugosa gained only 
a little against the numerical dominance of Tabulate the trend toward 
dominance of the Rugosa continued in succeeding Paleozoic Periods. In 
summary, it appears that in the Medial Ordovician the corals began to 
secrete skeletons in North America and then spread to Europe and the rest 
of the world, beginning in the Late Ordovician. 

Although Silurian Rugusa were much more important than were those of 
the Ordovician, most of she Silurian coral faunas were still dominated by 
the Tabu lata. Dissepi men tana were commonly introduced and odd columel- 
lae such as spongy axial structures were secreted. 

Devonian time was the culmination of rugose corals in diversity and num¬ 
bers. Stumm (19^9) recognized *6 Families and 127 Genera, Of these 
Families, 6 are referable to the zapthrenthid group, 7 to the cyathophyllid 
group, and one each to the porpitid, columnar]id, and cystiphyllid groups as 
used herein. Obviously, corals with dissepimental structures had become the 
dominant form. As for characterizing Devonian corals, the large simple 
zaphrenthid5 and sample or compound cyathophyllids are generally abun¬ 
dant, in addition to which cystiphylUds are common. On the other hand, 
coi n me [late types are almost unknown. 

Late Paleozoic rugose corals are characterized by dissepiments and^ in 
addition, complicated axial structures. It is common to observe the trend 
toward lonsdalcoid dissepimentaria operating in conjunction with clisio- 
pbyllEd axial modifications. Lophophyllids appeared in Mississlppian time and 
became very important by Pennsylvanian time. Most tabulate corals had 
vanished by the Carboniferous. 

Clisiophyllids continued to be the dominant corals undl Late Permian time 
and were associated with a fair number of cyathophyllids and lophophyllids, 
as well as by increasing numbers of the pnlycoeliids. Although the polycocJiid 
vigor persisted, the other groups began to die out. Extinction of the Rugosa 
took place near the end of the Permian when the polycodiids vanished. 
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SUBCLASS 3 + H ETEftOC O R A LI A 

This ant small group, with only two or three Genera, is differentiated from 
all other corals by its peculiar order of sc pea I insertion- Even chough the 
details are not yet so dearly apparent as to enable general agreement, pale¬ 
ontologists do agree chat the hcterocorals have a fundamentally tetrameral 
symmetry. Thus, a rugose like plan of septal insertion is modified by sym¬ 
metrical branching of septa r In later stages the septa assume almost radially 
symmetrical distribution {Fig. 5, [7). 

A typical heterocoral is about 5 millimeters in diameter and may have 
been several centimeters long, but only short cylindrical fragments arc 
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normally recovered- Septa fuse toward the axis and branch toward the pe¬ 
riphery. Tabulae are also present but no other internal structures are present- 
Some difference of opinion exists as to whether the outer sheath is a true theca 
or whether it is produced by fusion of septa, or tabulae, or both* 

Hcttrophyliiu, the most common Genus, occurs near the Mississipphm 
Pennsylvanian boundary in Europe and Japan, All heterocorals so far re¬ 
ported have also come from this same narrow zone, A few representatives 
discovered in very Early Pennsylvanian strata o£ Oklahoma have not yet 
been described. 


SUBCLASS 4. OCTOCORALIA (ALCYONARIA) 

Although octocorals are important constituents of Recent coral faunas* the 
entire Subclass is insignificant paleontologically. The group is characterized 
by having eight mesenteries which differ from those of all other Anthozoa 
in having their muscle bands all facing the side nf the oesophagus where the 
single siphoncpglyph is located (Fig, 5,18.2). Dimorphism of polyps is the 
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rule in this Subclass* The regular feeding polyps have a single circle oE 
tentacles, bat polyps with only one tentacle maintain a current of water 
through canals in the cocnenchyme or sheet of fleshy tissue in which both 
kinds of polyps arc inserted. Neither kind of polyp is reflected in the skele¬ 
ton, unless it be merely as depressions. Calcareous septa are not present. All 
living octocorals are compund, [ he polyps forming sheaths o£ tissue which 
enclose axial skeletal parts of some sort. Wandlike shafts, branching struc¬ 
tures, and fan-shaped expansions are the commonest shapes. Some octocorah 
have no skeletons at all. If skeletons are present they consist of a horny sub¬ 
stance, gorgonid; or of calcareous spicules enclosed in a matrix of gorgonin; 
or of calcareous fibers; or of spicules cemented together with calcium car¬ 
bonate, When spicular octocorals die. the spicules are freed by decomposition 
of the fleshy material and the gorgonin within about three days and are 
added to the accumulating sediments. Oclocoral spicules are very common in 
Recent marine sediments and have been reported from Mesozoic strata, but 
their occurrence in Lhe fossil state is much less common than one would 
expect„ Spicules range from less than o«i to i millimeter in length, but the 
average length is in the middle of this size range. Most spicules are stubby 
with irregular warty excrescences or with rudely arranged spinose rays (Fig, 
5.18,7-10)i In spite of great diversity of form* octocorallinc spicules have not 
been of much assistance in determination of species or of Genera. 

Recent octocorals are mostly classified by reference to fleshy or horny nu- 
terial not normally fossilized. Even if an axis were preserved as a fossil. It 
might be of dubious value because the shapes and features of polyps are not 
reflected thereon. Living octocorals can be classified into several Orders, one 
of which is represented by the red* yellow, and purple u sea-fans” or gorgonid 
corals (Gor^o/i/ea) which are familiar to travelers along western Atlantic 
shores (Fig* 5.18.4). Another Order is characterized by the "sea pens" such 
as Pcnnatitla (Fig. 5 , 841 ), which grow erect from the sea floor and main¬ 
tain their position because their qua 11-like shafts arc embedded in the sedi¬ 
ments. Tubipora is a red colonial coral with many cylindrical corallites (Fig. 
5,18.6). Horizontal plates of skeletal material surround the corallites at suc¬ 
cessive planes very much as floors encompass supporting steel work in a 
building. The precious coral, C&rdlium (Fig. 5.18.1}, is composed of red 
calcareous branches which are fancied for jewelry and for their suppsed 
mystical properties by people in most lands- Corallium is the first Genus of 
corals known to science. Lastly, the spctacular "blue coral," Hdiap&ra (Fig. 
5.18,3) s lives near the shores of southeast Asia. 

Octocoralla have been reported from rocks as old as Jurassic. Coralimm r for 
instance, has been recorded from Cretaceous strata, and several Tertiary 
octocorals arc on record. Unfortunately, neither spicules nor axes of most 
forms provide material for confident identification. 
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Even though skeletons of octocorals may consist mostly of gorgonin* the 
spicules embedded m the cocnenchyme may provide significant amounts of 
sediment on the sea floor. The sea-fans or gorgoniids* which live off the coast 
of Florida* are important sources of calcium carbonate even though spicules 
only comprise from 20 to 36 per cent of ihe volume of the skeletons. It has 
been calculated that gorgoniads are capable of adding a ton of limestone to 
each acre of sea floor annually around the Tortugas Islands, 

SUBCLASS 5. HEXACORALLA 

The Hcxacoralla as used herein constitute a loosely construed assemblage 
of corals which have six primary pairs of mesenteries. It is recognized that 
corals with significantly different microstructure of mesenteries are arbi¬ 
trarily lumped together in the Hexacoraila, but such recognizable differences 
in their soft parts are rarely discernible in their hard parts. Moreover* few of 
the groups arc found fossil* and there is not yet concordance of opinion as 
to the taxonomic value of these mesenteric features in any case. Those 
he xa corals without skeletons comprise the sea anemones, whereas those with 
skeletons arc the stony corals or Sekractinida. Naturally, only the Sclcr- 
acrinida arc important paleontologically* 

Order e + Zoanthida 

Znanihid corals are differentiated from the other sea anemones because 
the zoanthids add new mesenteries at only two places on the ventral side 
after the first six pairs of mesenteries appear (Fig^ >.197). Ihe distinct bi¬ 
lateral symmetry and the pattern of mesenteries suggest that the zoanthids 
and the rugose corals may be interrelated. According to this view, zoanthids 
lost tw o places of mesenteric insertion when they arose from the rugose corals. 
Zoanthkls are thought by some students to be very primitive hexacorals, or 
even to bear the same relationship to the tetracorals that the soft-bodkd sea 
anemones bear to the stony corals. About half a dozen Recent Genera have 
been described, Fossils arc not known. 
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Order b. Corallirrtorphida 

This group of very rare sea anemones differs from the other sea anemones 
in having two cycles o£ abundant tentacles (Fig* 5.19.6), The numerous 
mesenteries arc symmetrically placed on a hexamerous pattern as in the 
Accinida below. About ten Genera have been described* but no fossils have 
been reported. 

Order c. Actinide 

Actinians arc familiarly known as iH sca anemones"' in allusion 10 their 
colorful tentacles and oral surfaces. Insertion of mesenteries follows a per¬ 
fectly hexamerous pattern (Fig. 5.19.2, 3)* Although they have no skeletons, 
they have been reported doubtfully as far back as Middle Cam Brian ; Mac- 
fpftzia, from the famous Burgess shale of Canada* may be the oldest anrho- 
zoan in the world (Fig, 5.194). About 700 species of living actinians have 
been described p some of which live in Arctic waters. Some, such as Edwards*a, 
burrow in sediment* but most of the actinia ns such as Metridium and Aster- 
act is (Fig. 5.19,3, 5) incrust rocks. It is convenient to think of actinians as being 
common corals without skeletons but standing otherwise in close relation¬ 
ship with the Sdcractmida. Eduardsia, for instance, has only eight mesen¬ 
teries (Fig. 5.19,2) and these resemble a stage in the ontogeny of stony corals 
which is referred to hereafter (Fig. 5,204). Among living sea anemones* 
Mctridium characterizes a group with several cycles of mesenteries. 

Order d. Scleractinida 

Polyps of living scleractinian corals not only occupy the calyces but extend 
out over the rim and down the flanks as a thin fleshy edge zone- t he vertical 
costae* which are the external continuation of the septa^ are secreted from the 
edge zone. If the growth habit is colonial, the edge zones of adjacent pohps 
fuse and produce a thick, fleshy coenosarc. In that case the space between 
coraltites often b filled with vesicular skeletal tissue (cocnosteum) which 
is secreted by the coenosarc. As growth progresses, polyps move upward in 
the calyces and dose off abandoned areas by secreting dissepiments and 
tabulae- An axial structure built by some polyps is a columella. 

Simple corals not only branch to form increasingly compact coralla such 
as were produced by die rugose corals (Fig, 54.37), but also develop other 
intricate interrelationships of polyps. For instance, calyces may become very 
elongate hut pleated bark and forth like folds of drapery. Or the same pat¬ 
tern may be formed when adjacent polyps are intergrow'n in curving rows. 
Both of these conditions are said to be meandroid* in allusion to the re¬ 
semblance to meanders of old-age streams (Figs. 5,234* 5.24,2). In common 
parlance, coralla of this type are called brain corals. 
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INSERTION OF MESENTERIES AND SEPTA, A brief investiga¬ 
tion of the growth stages through which scleractinians pass as they attain 
their characteristic patterns of mesenteries and septa reveals their true sym¬ 
metry and the differences between stony corals and sea anemones on the one 
hand and the mraeorals on the other, Even before the pianola larva attaches 
itself to the substratum it starts to assume the shape of a tiny polyp by ac¬ 
quiring mesenteries. T he first pair of mesenteries appears on what we may 
call the ventral side (Fig. 5.20.1) and the second pair appears soon after on 
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the dorsal side (Fig. 5.20.2). Pairs three and four then appear in succession 
(Fig. 5.20.3, 4). Because they define the dorsovcntral plane, which is also the 
direction of elongation of the slitlike mouth, they are called the directive 
mesenteries. So far all of the mesenteries have reached the stomodjeum, These 
first eight mesenteries simulate the number, position,, and mi restructure of 
those in Edutardri* (Fig. 5.19.2); therefore they are referred to as ed- 
wardsian mesenteries and are looked upon as a Link between the actinia ns 
and the scleractinland The Sclcractmida, however, continue to add cycles of 
mesenteries beyond the original. Thus, pairs five and sia appear simultane¬ 
ously , but are shorter than the others (Fig. 5^0.5). With the completion of 
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the first 12 mesenteries there is a pause in growth before any new mesenteries 
arc added. At this growth stage the larva has become attached to the sub¬ 
stratum p a functional mouth opening is present* and muscle bands have ap- 
pea red on die mesenteries. It is worth noting that the muscle bands on the 
directive mesenteries face away from each other H thus imparting a distinct 
bilateral symmetry to the otherwise radial pattern of mesenteric position - 

Development of the skeleton commences with the secretion ot a calcareous 
basal disc and a theca. The first septa appear all together in a group of ^ 
one tying in the space between each of the 6 pairs of mesenteries (Fig r 
5,10-6)< These 6 are the protosepia of a stony coral. Septa fuse wirh and grow 
upward from the basal disc, whereas the theca keeps pace by growing upward 
and fusing with the outer ends of the septa. As growth progresses, new pairs 
of mesenteries and then their corresponding new septa arc inserted in 
simultaneous cycles between the first 6 septa (Fig- 5 ,M ^) ■ ^ *-^ s ^he 
second cycle contains 6 septa, the third sycle contains twelve septa, and each 
successive cycle doubles the number of septa ui the previous cycle until a 
hundred or mote septa have been inserted. Inasmuch as septa ot each suc¬ 
cessive cycle ideally extend a little less far from the theca than do those of 
the previous cycle* the number of cycles of septa in living corals usually can 
be ascertained by studying the calyx. 

It is important to note that septa arc inserted in scleractmians at six places. 
Hcxacorals and tctracorals both pass through a stage in which there are six 
major septa, but tctracorals only insert new septa at four points. Many stu¬ 
dents have hoped to find transitional stages between hexaco rids and tctra¬ 
corals, but the search so far has been singularly free from convincing results. 

On the other hand, there is a little evidence that stony hexacorals may 
have evolved from sea ancmoneSi which seem to be soft-bod]ed hexacorals- 
In the first place* the actinian Edwardsia has eight mesenteries in its adult 
stage, and these mesenteries resemble the pd wards! an. mesenteries of the stony 
corals in position and structure. Inasmuch as the edwardsian mesenteries 
characterize early ontogenetic stages of stony corals* it would appear from 
application of the principle of recapitulation that the actinians might have 
been potential ancestors of the sclcractimans. Of course, Edwsrdsia could 
hardly be expected to be represented in the sedimentary record because it is 
soft-bodied, so it cannot be proved to have lived prior to any of the sder- 
actinians. Nevertheless the actinians are possibly known from very ancient 
rocks because Maci^nma, from the Middle Cambrian, seems to be an 
actiman. One might say s therefore, that the actinian group could be repre¬ 
sented by a succession from A f<tt{tnxra to Edwardm 1 and that the selcr- 
actinians might have evolved from this lineage after the tetracorals became 
extinct at the end of the Permian Period, The Macfanzm-Edwvrdsia hy¬ 
pothesis has been supported in America chiefly by P+ F- Raymond, 
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SBFTA* Skeletal material Ls secreted by specialized cell* (caUcoblasts), 
forming a layer where the surface of the ectoderm touches the skeleton, f^cb 
callcoblatt secretes a minute bundle of crystals of aragonite (called a 
sclerodcrmite ) which radiate from a center of crystallization. Scleroderrmtes 
tend to line up in vertical rods, each of which is a trabecula (Fig* 5^1-2). 
When trabeculae consist of one string of selerodermitcs they arc simple* but 
compound trabeculae consist of bundles of six or eight rods rather closeiy 
grown together. In septa the trabeculae grow upward in sprays ( fan systems) 
which curve away in the plane of the septum to the right and left from the 
axis of divergence. One septum may consist of one nr of several fan system*, 
and the axes of divergence of the systems may be vertical, oblique, or hori- 
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zontal. If the various trabeculae arc solidly filled in with calcareous matrix 
the sepia arc laminar* but iE septa are perforated by spaces between trabeculae 
they are fenestrate. In some forms adjacent septa arc joined by stumpy 
trabecular crossbars (synapticulae) at right angles tq the septal planes (Flg- 
5,21.1). Free edges of septa may be smooth or minutely toothed (dentate). 

CLASSIFICATION- Classification of Sdcraciinida depends in part upon 
soft structures of polyps^ hence, it is not always decisively applicable to fossil 
material. Septal structure and arrangement are of prime importance* whereas 
colonial form and development of eoenostcal features are of secondary im¬ 
portance. Stratigraphic distribution of septal structures among the Scler- 
actinida is shown in Figure 5.27. Few clear-cut trends carry Through the 
Order except for the ascendancy of the non reef habit of growth. Primitive 
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Isolated trabeculae tend lo become associated in increasingly compact linear 
or bundled patterns. Perforate septa probably are primitive, but the progres¬ 
sive trend toward Laminar septa is reversed in some cases which return lo 
secretion of fenestrate septa. Contrasting septal trends lead to more compact 
septa in some groups but to more porous septa in others. In fact, the end 
product of septal reduction is attained when only spines remain, A trend 
toward more numerous synaptiailae is well known in two Suborders. Finally, 
columellae arc produced in several groups. 

Ktv TO SuBQR&tfcS OF SCLULACT* N Jt>A 
I. Septa with up to 8 trabeculae ■ Astrococniina 


II + Septa with more than 8 trabeculae 
A- Synapticulac present 

u Septa fenestrate (si least in young stages) Fungiina 

1, Septa laminar . . -- DcndrophyUilna 

R. Synaptkulac absent (or very rare) 


i. Margins oi septa dentate . , Faviuu 

a. Margins of septa smooth .Caryophylliina 

SUBORDER (1] + ASTROCOENIINA 

Astrococniids arc almost invariably colonial corals whose small polyps 
(about i to 3 mm in diameter) rarely have more than 12 tentacles. Septa in 
primitive forms are represented only by spines* but most Families have 
laminar sepia which usually consist of no more iban 8 simple trabeculae. 
Septal margins are commonly dentate. 

This Suborder is one of the oldest groups of htxacorals* being hrsi rep¬ 
resented in Medial Triassic strata. A living representative, Acropon o h one 
of the most ubiquitous and successful of all feet corals. Acropora originated 
during the Eocene* as did Pociliopora t anoiher equally common Recent recE 
coral (Fig. 5*22)* 

SUBORDER (2). FUNG UNA 

Fungsid corals are charaderized by the presence of more than eight 
trabeculae in a septum and by the occurrence of synapticulae between septa. 
Growth habits vary from simple to colonial- Sepia of all forms are fenestrate 
in early stages but may become laminar as growth continues. Septal margins 
arc always dentate. 

Fungiid corals share with astmcocmids the distinction of being the oldest 
hcxacorate, dialing back to the mid-1 riassic. The buborder soon divided into 
numerous subsidiary groups and had its greatest diversity in Late Cretaceous 
time. It was important in Tertiary time and is represented in Recent seas by 
a large number of familiar torms. Aguncm, from Recent seas in ihc AYest 
Indies, goes back to the Miocene, Fungi* is the familiar, flat, solitary coral 
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from the Indo-Pacific region which gets its name because its calyx resembles 
the filaments nn the under side ot the cap of a mushroom, Fungia is known 
from the Miocene. One of the most common reef corals in the world is 
Parim, which represents a lineage dating back to the Cretaceous, although 
the actual Genus is only known from Eocene and later times (Fig- 5*23). 

SUBORDER (3). FAVIINA 

Among corals with many trabeculae to a septum* the faviids arc distin¬ 
guished by having dent ale septal margins, and there are almost nn synapti- 
cube. Dissepiments are common and septa arc typically laminar. Solitary and 
colonial growth forms occur. 

Mondivaltia is a solitary coral which flourished from Medial Triassic 
through the Cretaceous, In Recent seas the brain coral, Favia* is of world-wide 
distribution; moreover, it has survived from the Cretaceous. Astrhclia, 
Sept&tfFtU' and Godina arc well-known fossil corals in the Tertiary of the 
Atlantic Coastal Plain (Fig. 5^4}. 

SUBORDER (4), CARYOPHYUllNA 

Septa of this Suborder are invariably laminar with smooth margins, 
Synapticulae arc not present. Although polyps of early forms were sur¬ 
rounded by a theca* later forms developed an edge zone and secreted skeletal 
structures on the exterior of the theca. 


HIGHER COELINTERATES (MAINLY C0RALS1 


1 R 9 



Fungia 


4 

Sj'eJeraJliftfl 


PptiftfS 

2d 


Flgurtr 523- F^ngtfuPr A „ „ , , • 

I. Portion o( rhd iliHcic* gf AflaiFew ip-, enlarged, 2a, 3b. Portion of iS. lurfnei 

IaX! find portion gf a €®«»um [IX) of Forii*f pn/^i, R«*n1. 3. Cotjr* ol Fung* p*i*Uv, 

fiac*nt, 4. PoHSon of ih-B i«rf*£* gf ESdmBne iidtr»o h &X, 

II, x 4 efm Vaughan, 3902- 3 af«*r Vaughan, 191*b-] 


Caryophylliicfs arc noteworthy because the first nonreef stony corals 
originated in this Suborder in Early Jurassic lime. Reef corals also arose 
within the taryophylhds, but only incidentally* Tutbjnoiia is a handsome 
coiuradlale form from the Early Teniary with prominent costae and with 
perforations, pits, or secondary costae in intercostal grooves. FhbeUum is a 
fan-shaped solitary coral with a wrinkled epitheca; it ranges from Eocene to 
Recent. Trochocyaihui was an Eocene button coral whose shape was con¬ 
vergent with that of the porpilid corals of the Paleozoic. Ptiftisffitltfl is com¬ 
mon in the Cretaceous of the Gulf Coastal Plain (Fig. j -))* 

SUBORDER (5)- DENDROPHYLLI1NA 

Dendrophylliids resemble oiyophylliids in having laminar septa with 
smooth edges, but dendrophylliids have many synaptkulae. Moreover, even 
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a porous outer wall of structures resembling synapticulae may occur. Instead 
of remaining rather straight, the septa in many dendrophylliids fuse into 
branching groups in what as called the PourLalcs plan of septal insertion. 
According to the Four tales plan septa higher than the third cycle may be 
inserted out of sequence and may become longer than septa of an earlier 
cycle (Fig, 5.26.2a). Most of the dendrophylliids are non reef corals. 

The dendrophySlids are the latest offshoot of the Scleractinida* having 
not appeared until Media I Cretaceous. Endapackys (Fig. 5-26-2} is a well* 
known solitary Eocene Genus in the United States and it is still living in 
IndchParifk waters. Turbimna (Fig, 5 26.1) is a colonial columcllate reef 
coral which ranges from Oligocene to Recent, 
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ECOLOGY OF CORALS, Recent stony corals can be divided into two 
groups, she reef corals and the nonreef corals, which are also known re 
spec lively as the her maty pic and aher maty pie corals. Reef corals mostly live 
in w ater less than 150 feel (46 m) deep, in which the temperature ranges be¬ 
tween 77 and H4 degrees Fahrenheit (25 and 29* C). I urbulent ivater at 
such shallow depths maintains a supply of nutrients and keeps sediment 
washed away from the polyps. Reef corals are characterized by the presence 
of zooxanthcLIae, which arc one-cclled plants (brown algae) embedded in the 
outer parts of their cndodermal layer—that is, near the interior of the body 
wall of the polyp* The evidence is conclusive that these algae manufacture 
oxygen in the presence of sunlight and that the coral benefits thereby. Inas¬ 
much as the algae may obtain their carbon dioxide from the corah an inter¬ 
dependence amounting to symbiosis is indicated. Unfortunately, the presence 
of zooxanthdlae is not reflected in skeletal structures; hence fossil corals may 
not be positively recognized as reef corals unless they can be assigned on 
morphologic grounds to some living species whose physiology and growth 
habits arc known. Moreover, definite non reel corals growing off the coast o £ 
Norway form large patches and mounds in water as deep as B660 feet (2900 
m) and at temperatures as bw as 39 degrees Fahrenheit (4* C). It has been 
estimated that a Recent reef such as grows today in the West Indies would 
require between 1000 and 6000 years to obtain a thickness of 150 feet (50 m). 

Nonreef corals,, on the other hand, can live in water much deeper than 
that inhahited by reef corals. In fact, a non reef coral has been dredged from 
over 19,000 feet (5870 m) T although most live between 550 and 1600 feet 
just beyond the outer edge of the continental shelf. Inasmuch as light does 
not penetrate that deep into sea water, zooxaruhdlae are absent. At the greater 
depths at which they live, nonreef corah must be adapted to temperatures 
as Low as 36 degrees Fahrenheit (2,4 r ‘ C), but in their normal depth range 
the temperature varies between 40 and 50 degrees Fahrenheit (4,5° and 
iq° C). 

Recent coral reefs arc not typical of coral growths in the past. Inter- 
grown build-ups as large as the Great Barrier Reef east of Australia are un¬ 
known in the fossil record. Moreover, many tropical '"coral reefs” of today 
actually consist of more than 50 per cent (some as high as So per cent) 
of calcareous red algae such as UthotAarnnitim and H dime da. It is also true 
that ancient reefs commonly (or even mostly) consisted of less eoraiUnc 
material than of other materia). For instance, many Paleozoic reefs were 
composed largely of tabulate corals and stromatopordds* or even of crinoids 
or brachiopods. For this reason it has seemed desirable for a word to be 
coined which has neither the connotation of corals nor of rocks and shoals 
such a* mariners have in mind when they speak nf reefs* The term bioherm 
has achieved wide acceptance by geologists for huild-ups of any kind of 
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organic skeletal nutcral. In addition the companion term. biostronie T refers to 
stratified deposits of fossils or fossil debris which do not stand in any apprc j 
eiablc relief above the general surface of deposition. 

Silurian reefs wen: the first to be recognized in North America, where they 
are known to extend across the present Great Lakes region from Ontario 
to Iowa, with principal development in Indiana, Wisconsin, and Illinois, 
When oil was discovered in a bioherm (Marine Pool) in Illinois in 1943 
a sudden economic impetus was given to the search fur bioherms. Accord¬ 
ingly, much attention is now being given to ecology of reef-making organisms 
in the expectation that they will aid in the discovery of more oil pools in other 
bioherms. 

Rugosa and Tabu lata, in company with bryozoans, stromatoporoids, and 
algae, were very abundant in the Devonian and commonly constructed bio- 
stromesas at Falls of the Ohio near Louisville, Kentucky. Bioherms arc less 
common than arc biostromes in the Devonian, but they have been sought 
assiduously since the discovery of oil in an Upper Devonian reef at Ledtic 
in Canada. Since that discovery in 1947 the Lcduc reef trend has been ex¬ 
tended a distance of 160 miles in central Alberta, and three other reef areas 
also have been discovered in Alberta. AU together, "2 per cent of the oil 
produced in Alberta m 1955 canae from these Devonian bioherms- 

Biostromes arc abundant in Upper Paleozoic strata but bioherms com¬ 
parable with those of the Silurian and Devonian are unknown. Reef lime¬ 
stones such as occur, for instance, in England contain a small minority of 
coeknteraies. This is also true in North America where the impressive 
barrier reefs of the Permian of Texas arc notable for the scarcity of corals. 

Thrce facies of Upper Paleozoic cord faunas have been distinguished. The 
Cyathaxoma fauna is analogous to Lhe deep water and cold-water fauna of 
Recent simple corals; the compound corals of the Upper Paleozoic arc 
analogous to Recent shallow-water reef corals; and the cyathophylliid- 
clisiophyllid association is of intermediate type* The difference between deep¬ 
water and reef corals also has been recognized among the Ordovician 
Amhozoa- 

GEGLOGIC HISTORY OF THE SCLERACTINIDA, After the ex¬ 
tinction of the Rugosa at the end of the Permian, there was an interval 
barren of corals in the Early Triassic. Then the astrocoeniids and fungiids 
arose in Medial Triassic time from ancestors as yet undiscovered. The fuitgiid 
stem proved to be the more vigorous of the two. for new groups arose from 
it very quickly. Faviids arose in Late Triassic time, and these seem in turn 
to have produced the raryophyUiids by F-arly Jurassic, Medial Triassic corals 
were the reef coral type, but only patches and banks are known instead of 
definite reefs. By Late Triassic small reefs were being built, some of which 
are located in California and Oregon, It was not until Medial Jurassic, how- 
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ever, that corals engaged in their first great flare, but even this flare did not 
culminate in a development of extensive reefs until Late Jurassic. At that 
time the Tethyan geosyncline lying along the south side of the Eurasian 
continent was the site of major coralline evolution, migration, and reef build¬ 
ing. 

Succeed tug geologic series record a seesaw history of reef construction 
and abandonment, with peaks of extensive reefy development in latest 
Early Cretaceous and Late Cretaceous, but with sparse reefs iu mid’Crera- 
ceous and Early Tertiary times. Texas and Mexico were sites of Early 
Cretaceous reef coral accumulations in this hemisphere. 

The use of corals in paleogeographic studies is particularly well shown 
with respect to the connection of the Atlantic and Pacific Oceans across 
Mexico and Central America during the Tertiary. In Late Eocene time the 
reef corals reached a peak of development in the Caribbean region where 
important build-ups have been located in Florida, Georgia, and Mississippi, 
as well as in the West Indies and northern South America. The same species 
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of Eocene corals arc present in strata on both coasts of Nicaragua; hence the 
Pacific and Atlantic Oceans were connected at that time. Fringing reefs were 
widespread in Florida and Alabama during the Oligocenc; in fact one forma¬ 
tion in Alabama used to be called the HH coral limestone. Farther south* at the 
latitude of the present Isthmus of Panama, the Atlantic and Pacific Oceans 
must have been confluent during the Oligocenc because the same coral 
faunas occur in deposits on both sides of that region. During the Miocene 
the reef corals decreased in importance in the Caribbean and a more modern 
coral fauna began to appear Meanwhile, the oceanic portal between the 
Atlantic and Pacific at Panama was closed, but a minor portal existed in 
Nicaragua. 

Pliocene corals are rather distinct on opposite sides of Central America, 
except for one singular discrepancy; the Pliocene coral fauna near Salion 
Sea in southern California seems to be very similar to related species in 
Florida and the West Indies. Two theories have been proposed to account 
for this similarity- According to one, the corals are similar because there was 
another portal across Mexico in Pliocene time through which Atlantic faunas 
migrated into a local embayment in California. The second theory is sup¬ 
ported by those who point out the lack of any direct evidence of this theoretic 
cal penal. These paleontologists suggest that the two faunas had a common 
origin in pre Pliocene time and evolved by parallel descent while they 
were confined to different oceans* The question is still not resolved to every¬ 
body's satisfaction. Reef-building corals underwent a great expansion in the 
Pleistocene waters of the Caribbean; moreover, they continue to inhabit 
the same region today. 

Paleontologic studies reveal how the corals became divided into two great 
faunal realms- Between the Medial Tnassic and the Medial Miocene, the 
stony corals constituted a cosmopolitan fauna which spread into all the 
oceans. By Late Miocene time the Tcthyan migration route in Eurasia was 
dosed by uplift, and Central America had become an intermittent barrier; 
hence, the two great reef coral faunas of the Caribbean and the Indo-Pacific 
which we recognise today probably arose through evolution along separate 
courses as a result of isolation. The few Mediterranean reef corals which 
were isolated in western Europe became extinct in the Late Tertiary: hence 
the remaining reef corals of the Atlantic Ocean can be referred to as 
^Caribbean" because they are restricted to that western Atlantic area. Recent 
corals can be divided into a prolific and vigorous Indo-Pacific reef coral 
fauna of over 500 species and a meager Caribbean fauna of fewer than 40 
species. During its history the reef coral belt tended to shift southward. In 
the Triassic Period the belt extended from 10 degrees south latitude to 60 
degrees north latitude. It was slightly narrower but more distinctly northern 
during die Jurassic, In Cretaceous time the margins of the belt varied between 
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so and sd degrees north latitude on the one side, and from the Equator to 
i' decrees south latitude on the other. Today the reef corals extend from 
-.r degrees north latitude to 32 degrees south latitude, but are largely con¬ 
fined to oceanic islands, areas of slow- rate of sedimentation, and eastern 
shores of continents against which warm tropical waters consistently how, 
Contrasted with the history of reef corals is that of the nonreef corals. 
Thev originated in latest Early Jurassic as caryophyhids and immediately 
began to increase in importance. During Medial and Late Cretaceous time 
they dominated most depth zones occupied by coral faunas in Texas and 
many other places. When European reef corals became extinct in the Late 
Tertiary, the nonreef counterparts persisted there. Living nonreef corals 
which inhabit the greatest depths have the greatest geographic range. Thus, 
cosmopolitan distribution is attained by most corals if they live in 1500 feet 
(500 m) of water. 

Order AntipaThidei 

Antipathids are colonial corals which resemble the Octocoralla in growth 
habit and in the presence of a central axis composed of gorgonin, but the 
antipathids are characterized by having thorny spines nn the axis and by 
generally having six mesenteries (but never eight). Moreover, there is con- 
sidcrable variation in the patterns of mesenteries and in the location of 
muscle fibers on mesenteries. In fact, there is as much variation within this 
group as there ls among other Orders of Sclcractinsda (Fig- 5 + 28 , 34 ? 
Although mesenteries of most hexacorals are paired, those of the antipathids 
are single. Antipathids sometimes are called lL black corals” or "thorn corals. 
They are found in Recent seas from low tide down to almost 12,000 feet 
(40m m). One Miocene record is known. 

Order f. Cerionlhida 

Cerianthids are slender solitary polyps with many tentacles. They burrow 
in soft marine sediment and lack hard parts, so they have not been reported 
as fossils. Mesenteries o£ cerianthids are unpaired, as in the case of the Anup- 
athida. Moreover, the mesenteric pattern throughout life is distinctly bi¬ 
lateral (Fig. 5.28,4,5) and recalls the septal plan in the Rugosa. 

Class F, Ctenophora 

Ctenophores are the “comb-jellyfish " characterized by the presence of an 
elongate to spherical body an which eight bands of cilia run from pole to 
pole? At each pole is a long tentacle. At first glance ctenophores rather 
resemble gooseberries in both size and appearance (Fig. 5.28,1). The Ctcno- 
phora can be differentiated from ail other rocienie rates because they lack 
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stinging cells. For this reason some authors raise the group to the rank of 
Phylum or Subphylum, as opposed to the so-called Cnidarb or codememtes 
with nematocysts. No fossils are known. 

QUESTIONS 

i. How can tetraroraU and hexatorsh be differentiated by external and 
internal featufes? 

Why Is it difficult to be sure whether a fossil emal belongs to the reef corah 
or to the nooreef corals? 

3 , What features make the preservation of Octocoralb unlikely? 
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4 . How miiiht the Sderactinida or stony corals have arisen from some other 
Orders? 

5. Why did The Rugosa and the Stleractimda pass through the same morphologic 
stages when they assumeJ colonial growth habits? What evolutionary terms 
describe the situation? 

6. What purpose might have been served by columeElae? In what ways were 
tolumdlae constructed? 

7. Which features of corals either inhibit or enhance their usefulness in geologic 
work? 

8. Why arc Tabnlata all compound? 

?), How could a previously undcstribed species be assigned its proper place in 
a lineage such as that of Zaphrentflct delanoufi and have stratigraphic sig¬ 
nificance? 

10, Paleontologists disagree about the stratigraphic ranges of chaclettds and tetra- 
diids but are confident that they know the ranges of cliriophyllids and faviids. 
What principle is involved in establishing a particular degree of confidence 
in a range? 
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WORMS AND CONODONTS 


In old classifications it was customary to relegate all wormlike creaiures 
to a catch-all Phy 1 um p Vermes, in which several important Classes were 
recognized. If ii were not for their zuologic importance, the various kinds 
of worms could still be relegated to one group insofar as their palctmtologic 
status is concerned, for only one group has left a significant fossil record. 
Recent zoological works subdivide the erstwhile Vermes into several Phyla, 
of which the four Phyla outlined hereafter represent important advances in 
the evolution of bodily form and differentiation of organs* 

PHYLUM V. PLATYHELMINTHES 

Bodily organization of flat worms is significantly more advanced than that 
of Codenterata* Not only is symmetry of flat worms distinctly bilateral* so 
that the terms left and fight arc manifestly applicable* but the terms anterior 
and posterior can be applied to animals for the first time at this rank. 
Even dorsal and ventral attain their customary meanings for the first lime 
among Platyhdm inches, Moreover, the bodies of flat worms (and of animals 
in subsequent Phyla) arc composed of three cellular layers, of which the 
mesoderm not only replaced the mcsogloea of lower animals, but became 
volumctrically dominant over the ectoderm and endoderm. 

Reproduction may be simply sexual or may become very complicated 
among parasitic worms if life cycles necessitate migration among hosts. 
Digestion in flatworms is in a much branched but blind set of tubules com 
ncctcd with a ventral mouth; thus, digestive efficiency among flatworms is 
assured by a still different technique than was utilized by cither the sponges 
or cDcknterates, The nervous system is centered in an anterior concentration 
of nerve cells, the ganglion (pi. ganglia)* from which two nerve cords lead 
posteriorly. A special excretory system of branching tubes is commonly 
present. 

Flatworms (Fig. 6.1) are best known to mankind because of two formid- 
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able parasites, die liver fluke. Distort!urn, and die tapeworm. Taenia. Other 
flatworms inhabit marine or fresh water (Piattaria). No direct evidence of 
fossil platyhelminths is known because the worms have no hard parts and 
do not affect the hard parts of parasitized hosts. Possibly some vague trails 
or burrows may have been made by flatworms. 

PHYLUM VI. NEMATHELMINTHES 

Most members of this Phylum are elongate and arc circular in cross section, 
hence their common name of threadworms or roundworms. Their principal 
advances over the Plaiyhelmmthes were die development of a digestive 
system with an anal opening and the development of a body cavity or 
coelome between the viscera and the body wall. This region in platyhelminths 
is filled with cellular tissue, the parenchyma, but ncmathelminths and all 
higher animals have a coelome. Embryologists have discovered that two 
entirely different kinds of coelomic cavities are present among different 
nema[helminths, depending upon how the embryonic walls are infolded. 

Of the various sorts of Nemathclmimhes (Fig- 6 j), some are fresh water 
and some are marine like Sagitta, the arrowworm; but die better-known ex- 
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amplts arc parasitic, is nun s insist common parasite, whereas / rich- 

ttta and Fibrili are among his worst, causing trichinosis and fihriasis, 
respectively. One Class of roundworms, the nematodes, is one of the most 
abundant groups of creatures in the world, rivaling protozoans and insects 
in this regard- Few living creatures escape being parasitized by nematodes 
and few moist places lack them. In fact, their eggs are even blown about 
by wind. Someone has dramatized the abundance of nematode worms by 
suggesting that if everything in the world were suddenly removed except 
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the nematodes, the form of' almost everything would still be recognizable 
from the distribution of the nematodes! 

Yet none of the nemathdmifiths occurs in the fossil stale, except 
a supposed arrow worm from the famous Hurgess shale (Middle Cambrian) 
of Canada, which is probably correctly assigned here. 

PHYLUM VJL TROCHELMINTHES 

Most of the Trochelmirubes arc very tiny fresh-water worms, but 3 tew 
arc marine and fewer still arc parasitic. A typical form is globular or pear- 
shaped with a stalk either equipped with movable grappling devices or 
merely cemented co the substratum (Fig. 6.3.1, a). In many forms the body is 
encased in a transparent sheath t the lorica. When the anterior end of the body 
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extends out of the loiica 3 ring of cilia beat in rhythmic fashion and simulate 
ihc spinning of a wheel—hence Lhe common name rotifer or wheel animal¬ 
cule. Rotifers compare in size and appearance wiih ciliaie protozoans such as 
Vortkella —a remarkable case of convergence which caused confusion even 
to serious students of biology in former years before the cell theory was well 
understood. 

The most important feature of rotifers is the typical trochophore larval 
stage (Fig, 6,3,5) w hich closely resembles the adult rotifer, 7 rotrhojpfiaera. 
Trochophore larvae are globular and bear a double band of cilia around the 
equatorial area and a ciliated tuft at the apical plate on the upper end. 
A simple digestive track is present. Trochophore larval stages are present 
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in most higher invertebrates, and in some protochordates; hence many 
zoologists believe ihpt advanced forms such as these were derived from crea¬ 
tures at the trochelminth level of organization. 

No fossils are known, but microscopic chi lino us teeth in the mas tax or 
gastric mill could be fossilized (Fig. 6.gj, 4)- 

PHYLUM VIIL ANNELIDA 

The Annelida are so much more advanced than the other Phyla of worms 
that most biologists rank them above the molluscs and just below- the 
arthropods. They are discussed at this place in this test merely as a matter 
of convenience. 

The Annelida, or annelid worms as they are commonly called, differ from 
other worms in being divided by transverse walls or diaphragms into seg- 
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ments (somites or meiamcres), A blood vascular system h normally present, 
and the nervous system is definitely ventral Certain vital organs such as 
excretory and nervous apparatus are duplicated repeatedly in a row of similar 
somites. Outwardly projecting lobes (parapodia) of the body wall on each 
segment serve as limbs for locomotion. Pa fa podia of some annelid worms 
arc equipped with chi duo us bristles (setae) and many of these same worms 
bear chili nous jaws and teeth which provide die principal source of all 
fossilized worm remains. A trochophorc larva may be present. 

In tile following simplified classification many minor zoologk differences 
have been eliminated. 

Phylum VIII. Annelida 
Class A. Archiamielida 
Class B. Hirudinca 
Class C. Myzostoma 
Class D. Gcphyrca 
Class E, Oligachacta 
Class F. Polyehaeta 
Order l Errantida 
Order 2. Tubicolida 

Class A. Archianraelida 

This Class is composed of annelids with rudimentary segmentation, 3 
primitive nervous system, and no pa raped in, Polygordiui is a living repre¬ 
sentative* but no fossil forms are know r n+ 


Class B. Hirudmea 

These, the leeches, are characterized by Hiruda with its sucking discs 
(Fig. 6-4-1)- Each true segment seems to be subdivided externally into 
additional rings bui these are not correlated with internal diaphragms. In 
addition to the common land leeches, there are many marine leeches. One 
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nf the latter group, LerthayluSt adopted a colonial habit- It has been reported 
from mid-Silurian strata near Chicago* 

Class C Myiostoma 

Myzostome worms arc minute diseotdal creatures which parasitize crinoids 
and starfish. They have sucking discs reminiscent of those in leeches; 
parenchyma (instead of a coelome) reminiscent oi flat worms; and they lack 
the segmentation of Annelida, although possessing the setae characteristic 
of some members in this latter Phylum (Fig, 64^)* 

Myzos tomes parasitize ennoids at the articular facets between dermal 
plates. After they infest the ectoderm between tolumaals* for instance, the 
crinoid sec reus calcium carbonate to seal off the parasite and ultimately 
causes fusion of the column. Evidence of myzostomc parasitism (Fig, 64.8) 
can be seen on Carboniferous and juritssit ennoids as well as un Recent ones. 
The worms diem sc Ives have not been fossilized* 

Class D. Gephyrea 

A loosely construed assemblage of cylindrical, marine, mostly burrowing 
worms makes up this Class (Fig. 64.37, j-n)- Some have a few setae and 
others lack them. Segmentation has not been observed in aduhs, but various 
features of the soft anatomy seem to many zoologists to warrant referring the 
Gephyrea to the Annelida. Other specialists want to raise some or all mem¬ 
bers to the rank of Phylum. Some gephyreans such as Dtndrcstomvm (Fig, 
64-6) have an oral ring of tentacles, and others such as Urecftis (Fig* 644) 
have a proboscis. 

Direct fossil evidence of Gephyrea is lacking unless some carbonized 
impressions of wormlike creatures from the Burgess shale (Middle Cam¬ 
brian) have been referred here properly. Various borings in sand may be 
made by these worms, as, for instance, $colithits borings from Lower Cam¬ 
brian strata of many parts of the world (Fig, 64.7), 

Class E. Oligochaeta 

Those elongate annelids with sparse setae and no para podia belong to the 
Oligochaeta. Although many fresh-water forms arc known, the classic ex¬ 
ample si Lnmbricitj* the earth 1 worrm Terrestrial annelids commonly occur in 
great numbers in the soil, which they industriously ingest and then deposit 
on the surface of the ground as castings after they have removed the organic 
matter from it. Thus, they constitute an active geologic agent insofar as they 
modify sediments chemically. In spite of their abundance they have left no 
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fossil remains or burrows capable of being identified other than in the most 
general terms. 


Class F. Palychaeta 

Members oi this largely marine group of annelids have abundant setae* 
Polychaete worms generally fall into two groups according to their habits 
—the wanderers and the sedentary forms. 


Order 1, Errant ids 

Most of these polychaele worms crawl about or are excellent swimmers* 
hence the name of the Order. Segmentation is obvious and is enhanced by the 
presence of paired, uniramous, or bifamous parapndia oil each somite. Each, 
parapedium has one or more kinds of setae in tufts (Fig. 6^ ia> 2 ), f he 
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Erntuidti arc plcojntolugkatly signifitaiu^ howc^r, because of the presence 
of large pinccrlikc jaws in the pharynx and of a series of smaller chitinoiis 
denudes farther forward in the mouth. 1 he pincers, however, may protrude 
menacingly from the mouth (Fig. 6.5,1b). Worm teeth arc commonly known 
as scolccodonts, They are paired, chitinous, dull to lustrous, and jet black. 
Fossil scolccodonts were discovered in the Russian Baltic region in 1856 and 
were described from the Cincinnati area by 1877. 

The principal tooth unit in a typical Recent association of scolccodonts 
is a pinccr (Fig. 6.6.1). It is attached by a hollow base from which a pointed 
prong (falcus) curves forward. Where the flat inner face of the base presses 
against the companion element 0/ a pair, a number of cusps form the dentary. 
Muscles which move scolecodoms arc attached to depressed areas on the 
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sides called myococlcs. Most of the sma 11 scolecodnnts lack the fakus and 
consist of the dentary alone (Fig, 6,6.2, 4, 6 r y), and some elements are 
merely simple thornlike spines. The distribution of all of these maxillae is 
^hown by com par,alive illustrations of Recent Arabella and fossil Arabcllhcs 
(Fig. 6.5.3b, 4), 

Names of scokcodonts have mostly been coined according to a time- 
honored paleomologic formula, one which was first applied to scolcco- 
donts by Ehlere in 1S69. The suffix -itn (from the Greek titkos f stone) is 
added to the root of the generic name of a Recent annelid in order to coin 
the name of a fossil scokcodont which resembles the Recent form. Thus we 
find Ambcliitcs was named for Arabella (Recent) as noted above, and 
Eumdtes was named for the Recent Eunices} 

Genera and species are recognized by variations in shape, size, number of 
teeth in the dentary, and curvature of the falcus. Unfortunately, jaws of 
Recent annelid worms are known to be highly variable* hence, too many 
species presumably have been erected for fossil forms. Moreover, another 
peculiarly palcontofogic problem is exemplified by the stokcodonts; namely, 
that several diverse skeletal elements arc present in the same individual 
but become so scattered after death that it is impossible to decide which ones 
bebng together* Accordingly, so-called paleontologic 4L spccics M of scokcodonts 
admittedly are highly artificial instead of being genetic. Each maxilla 
of a worm would normally be placed in a different species by a paleontologist, 
and different major kinds of maxillae may be classified as different Genera* 
yet it is obvious that the specimens might have come from the pharynx 
of one and the same individual worm* These kinds of artificial Genera 
and species are functionally necessary, even though they violate the rules 
established for Linnaean nomenclature. Nor is it a problem peculiar to 
scokcodoTiEs, for students of such diverse creatures as trilobitcs and dinosaurs 
are vexed by the same difficulty. It is only very rarely that specimens of 
worms are found such as one from the Sdenhofen lithographic limestone 
(Jurassic), which retain the scolecodonis in natural position on the bodily 
oudinc (Fig. 6,5.1), A few articulated scolecodoncs also have been found 
without the outline of the worm body being preserved. 

Living annelid worms with jaws inhabit very shallow water near shore, 
on ddier sandy, muddy* or rocky bottoms. A few secrete tubes and some 
burrow r into sediment, shells, or rock, A similar Geologic distribution is indi¬ 
cated for fossil scolecodontx* for many of these much-abraded and broken 
fossil teeth occur in well-sorted sandstone* indicating extensive reworking. 
They may be abundant in prticular zones or on bedding planes where they 

1 tn (his same fashion, -rfn hat been used to denote many other fossil Gcncm, Mine 
of which are <sf dubious compliEndiiary value, as in the ease af MaAvritei, which is j 
gastropod named for Mad Lire [therefore* "MaduJc'a stone'). 
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have been concentrated by currents as natural placer depots nE fossil debris. 
Inasmuch as scolecodonts consist of chi tin, they can be recovered as in¬ 
soluble residues from limestone after acidation with dilute hydrochloric 
acid, or even from quartzosc sandstones after treatment with hydrofluoric 
acid. Specimens are picked and mounted on slides under a binocular micro¬ 
scope in the same fashion as fora min ifers are. Scolecodonts range in age 
from Cambrian to Recent, bui most faunas have been described from strata 
ranging in age from Ordovician to Devonian, 

Order % Tubieolido 

To this Order belong the sedentary marine annelids which encase them¬ 
selves in a membranous, calcareous, or agglutinated tube of foreign panicles, 
A species can be very adaptable and build tubes out of mineral grains in one 
place and diatom tests at another place, thus presenting very different appear¬ 
ances (Fig. 6,7*5)* 

Serpitla is probably the best known of the tubiculous annelids. Members 
of this “form Genus” build rather smooth calcareous tubes which tend to 
grow in closely appressed clusters and even 10 form colonics of considerable 
size (Fig. 6.7^). Tubes of this kind may occur as far back as mid-Paleozok. 
By the Jurassic the serpuloid worms were minor reef-makers, and they 
created notable biostrames in the Cretaceous of Germany (for example, the 
Serpuiitcnkalk). Large masses of so-called Strpula colonies in the Miocene 
and Pleistocene of the Pacific Coast are really referable to the serpulid Genus 
DoJccaceria (Fig. 6.7+7), Perhaps the best-known serpulid growth in Recent 
seas is the so-called Set pula atolls of Bermuda. 

One of the most common and widespread Genera of serpulid worms is 
Spirorbis (Fig. 6.7.1, 2)* It forms coiled tubes 1 to 3 millimeters in diameter 
which resemble tiny gastropods cemented to some suitable substratum by 
their apices. Spkorbis ine rusts rocks, shells* seaweed, and any relatively solid 
object in the oceans. From the apertures oi living examples a tentacle-bearing 
body can be extended. When the animal retracts into the tube, it can close 
the aperture with an operculum or lid; moreover, because the same oper¬ 
culum is hollow it may also serve as a brood chamber in which young are 
sheltered. Zoologists sometimes define Subgenera of Sphrorbif upon the 
number of thoracic segments w hich are present, rhe nature of the operculum, 
the location of the brood region, and the direction of coiling. It is a peculiarity 
of living species of Spirorbis that the Antarctic forms are coiled counter¬ 
clockwise, the Arctic forms are coiled clockwise, and the geographically 
intermediate forms display one or the other method of coiling. Spirorbls 
occurs in rocks as old as Ordovician. Fossil forms are differentiated accord¬ 
ing to ske and ornamentation h but these criteria are generally inadequate 
for recognition of living species; therefore it is probable that Genera and 
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species of fossil Spirerbu are really form Genera anti highly artitidal species. 
Trumpet-shaped lubes with ornamentation which have been reported from 
Paleozoic strata arc generally referred to Comuliteft whereas rather highly 
ornamented tubes from Cretaceous to Recent strata seem in be referable to 
Hanwbis (Fig, 6,7, 8, 9), A similar Recent form with a straight but rela¬ 
tively unornamented tube is P^matoccrai (Fig h 6^3). 
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Some difference nf opinion exists about the proper taxonomic assignment 
of serpuloid tubes such as Tubcktloides (commonly called StrpulMs) from 
Lower Paleozoic rocks. Some authorities wish to link these smooth, conical, 
slightly contorted tubes with the annelid worms, but other specialists wish 
to ally them with the conularioids under the Scyphozoa (Chapter 4). 

GEOLOGIC WORK OF WORMS- Worms of several Phyla arc so 
common locally on sea floors that their combined volume exceeds that of 
all other material present. Most of these worms either live attached to the 
substratum, or they occupy themselves by plowing through the thin surficlal 
veneer of sediments while they scavenge upon the rich supply of organic 
debris. A few worms swim about. 

The Folychaeta seem to be the most important group of worms geologically 
Speaking, or at least their works are most readily apparent. On the construc¬ 
tive side, the polychaetes contribute to the accumulating sediments by build¬ 
ing their external tubes, as has been described heretofore. In contrast with 
these activities, the polychactcs also engage in some more subtle but equally 
important destructive activities of geologic importance. Chief among these 
is their ability to burrow into all sorts of materials; indeed, the polychactcs 
probably are as effective in the marine environment as their oligochactc 
cousins, the earthworms, are in the terrestrial environment. Gcphyrean worms 
such as Dendrostomum and U me his arc fine examples of these borrowers, or 
lobworms. They are characterized in particular by their ability to pump 
water through a special longitudinal canal in their bodies and to eject it 
posteriorly with considerable force, Gcphyreans construct U-shaped bur¬ 
row^ (Fig. 6.H-) in soft sediments which they excavate with a proboscis or 
with Lhornlike spines near the mouth, on the sides, or in a ring around the 
anus. Once a burrow is completed, it may be lined with mucus and then 
inhabited for a long time by one worm. Sand and fecal pellets are swept 
out of the burrow by the strong stream of water and accumulate around the 
posterior opening of the burrow like ejecta around the vent of a volcano. 
These litde submarine cones seem to be in eruption w r hen the stream of 
dirty water forms a murky cloud above the burrow. Fossil gcphyrean bur- 
rows probably arc represented by U-shapcd tubes of Arenkolites from the 
Paleozoic. Straight, vertical, sand-filled tubes of Scolithits have world-wide 
distribution in rocks of Early Cambrian age. Scolithits tubes may have been 
formed by some other kind of bur rower than a worm because no trace 
of actual bodily substance has ever been found In these burrows- In fact* 
no setae of gephyreans have been reporied fossil, although one would sup 
pose they should be encountered inasmuch as scolecodonts are fossilized. 

A second destructive activity of worms causes the disintegration of shells 
and other calcareous material. Numerous polychactcs burrow within and 
through the hard shell of molluscs and the calcareous skeletons of corals, for 
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instance* If burrows reach the inside of the shell and begin to irritate the 
flesh of a dam, the infested animal covers the inner openings of the burrows 
with extra layers of calcareous material which usually present a warty ap 
pea ranee. After the death of a mollusc, however,, the burrowing continues un¬ 
checked until the shell is riddled with galleries. In addition to burrowing 
in skeletal substances, worms also attack wood; lithificd, fine-grained, elastic 
rocks; and limestone. Openings of worm burrows commonly have a dumb¬ 
bell-shaped outline at the surface of a shell (fig- ® iX ot ^ e f hand* 

openings of galleries made by boring sponges with which they might 
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confused are tiny circular holes. Incidentally, both kinds of organisms are 
apt to occur together, as on many oyster shells. 

Many chaetepod worms are parasitic, although their works may not be 
apparent in fossils. Starfish and ophiuroids, for instance, usually are infested 
with chactopods as internal parasites. External parasitism of discs and arms 
of crinoids may be evident in some dislocation of skeletal plates of the host. 

Appendix to the Worm*—Phylum Chordata: 

Group Cenodontophoridia 

Conodoius arc probably the most perplexing fossils with which paleontolo¬ 
gists have dealt. At this time, too years after their discovery, the most qualified 
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specialists have not agreed as to what function these fossils served in life 
or even as to whether they belonged to invertebrates or vertebrates. Never- 
the less, conodonts have become important economically and rank with ostra- 
codes as the most valuable Early and mid-Paleozoic microscopic guide fossils. 
Their importance in Late Paleozoic strata is superseded by fusulinids* but 
both groups are valuable because they typify generally different biofacies. 
Conodonts seem to be characteristic of shallow marine waters and to be 
particularly abundant in argillaceous sediments. 

The 1500 species of conodonts have been grouped into 132 Genera, of 
which about 80 names are used at present in stratigraphic studies, and the 
other names are cither synonyms or of uncertain application. 

Conodonts are microscopic tooth I ike structures composed of calcium phos¬ 
phate. The average specimen is about 1 millimeter or less in diameter. In 
general the conodonts resemble scolecodoms, but scolccodnnts are hollow 
and chitinous, whereas conodunts are so [id and soluble an all but very weak 
adds. Conodonts also tend to have ihc yellowish-brown or reddish-brown 
color and waxy luster of apatite* whereas scolecodonts are jet black and have 
rather dull luster. Although all conodonts are phosphatic, two different 
microscopic structures arc known. In the more common form the conodont 
is composed of superimposed layers of calcium phosphate which give it a 
laminar structure (Fig. 6^.3, 4). In the less important group with fibrous 
structure the calcium phosphate is secreted as bundles of longitudinal fibers 
which lack any layered appearance. Laminar conodonts usually break trans¬ 
versely across die cusps, whereas fibrous conodonts split lengthwise along the 
cusps. Simple conodonts such as Dhtacodus axe cones (Fig. 6.io.i p 2), Among 
the more complicated elongate shapes, Prionhdus exemplifies one group 
which has a large cusp at one end of a single row of smaller cusps (Fig. 
6.10.3* 4). Primiodim1 typifies another elongate type in which small cusps 
are located both in front of and behind a large central or subcentral cusp 
(Fig. 6.105-10), Both the prion iodid and the prioniodinid shapes are 
constructed upon bases formed as rodlike bars or as platelike blades. Bars and 
blades intergrude. Conodonts with lateral rows of cusps alongside the median 
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row constitute ihe platform type, such as Polygnathus; it resembles a shoe 
sole with a pavement of nodular cusps for dents (Fig. 6.10,11-15). 

Terminology for orientation of conodonts is based upon the assumption 
thni they arc teeth; therefore the cuspate surface is said to be oral, as opposed 
to the basal or ahorat side. Cusps generally curve or slant posteriorly, and the 
wide pans of platform types are said to be anterior. Conodonts can be matched 
in bilateral pairs, left and right. 

The evolution of conodonts principally involves variation in the number 
of cusps and increase in the strength of the main framework. Individual 
cusps may increase or decrease in prominence, and they may coalesce into 
transverse ridges. Even though the number and prominence of cusps may 
diminish* the total cuspate area consistently increases. 

In presenting the evolutionary patterns of conodoms graphically (Fig. 
6nii) it h assumed that the fibrous and laminar groups evolved from the 
same ancestral form. Actually * both groups appeared at the same time in the 
Early Ordovician, Cones were the first shapes in both groups, and these were 
soon followed by bars and blades, after which the plitform types appeared. 
Fibrous and laminar groups evolved at different rates, however, for the 
fibrous group gave rise to its platform stage and became extinct before the 
laminar group produced any platforms. Nevertheless, the overall pattern of 
conod on t evolution is one of parallel descent* in which natural selection 
favored the multicuspate forms and particularly those with the most solid 
construction. Much more is known about the laminar forms than about the 
fibrous forms, which may explain why it is possible to show additional 
detail in the evolutionary pattern of the former group. The platform or 
polygnathid group of laminar conodonts seems to have arisen from two 
sources within the prioniodimd strain—the bars and the blades (Fig. 6.12). 
In both cases subsidiary Ranges appeared along the sides of the main skeletal 
frame and became cuspate. While the Ranges were increasing in width, the 
cusps along the main frame decreased in height and number. Eventually* the 
flanges became the dominant part of each unit and the shape is distinctly 
of the platform type. In some forms at a very advanced stage, the cusps on 
the Ranges were replaced with low transverse ridges, or the cusps gave way to 
concentric ridges in the fashion that Paly gnash us (Fig, 6,10.12) gave rise to 
PulylopAoilonia (Fig. 6.10.13), ^ ** orange how the evolution of polygnathid 
conodont teeth resembles the change in surface of teeth from mastodon to 
elephant. 

The actual rise of platform shapes from prioniodinids is shown in Figure 
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5,12. Spatfiognathodui (Fig. 6,12.1} is a blade-shaped prioniodinid with a 
slightly expanded base, h seems to have given rise to Gnathodus (Fig, 6.12.2) 
through a series of intermediate types which bridge the gap between 
priorupdmid and platform groups. The rise of platform shape from a bar is 
even more extreme, for Frionioditta (Fig. 6,12.3) has no basal expansion. 
Species of Frioniodimi usually have several denticles in the posterior limb, bill, 
the illustrated form has lost all but three. Loss of the remaining three posterior 
denticles and creation of two lateral Ranges gave rise to Gondoblta. Transi¬ 
tional stages (Fig. 6.124) do not have denticles on the Ranges, but advanced 
stages (Fig. 6,12,5) are typical platform types with cusps or ridges. Inas- 
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much as the prioniodinids gave rise to platform types through two inde¬ 
pendent strains, they exemplify compound iterative evolution (page 41). 

Classifications of conodoms arc based upon their microscopic structure and 
their complexity and symmetry of cusp development. Some specialists char¬ 
acterize the laminar conodoms further by the presence of a pit on the aborai 
side, but no pit is present on the fibrous conodonts. Platform types in par¬ 
ticular can be differentiated according to whether the scar of attachment is 
large or small. 
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TAXONOMIC PROBLEMS. Conodonts usually occur singly or as ill- 
sorted heaps in the center of a discolored area such as might represent a 
coprolitic mass. There is no indication of what they came from or with 
what they may have been associated in life. As long as one conodoilt was 
assumed to be characteristic of one species of animal, there were no problems 
with names. Paleontologists gradually began to realize, however* that several 
kinds of conodonts might have been incorporated within one animal* just 
as one shark can have several different kinds of teeth. It was observed from 
time to time that several species of conodonts occurred dose to each other 
on a bedding plane as though they might represent a natural but somewhat 
disassociated death assemblage. In fact, some conodonts in assemblages (Fig. 
fs-9-5-7) seem to be distributed in symmetrica! fashion such that they seem 
noi to have been disturbed much after the death of the animal that bore 
them. For instance, single patches of Polygnathus* Bryan to Jus, and Hindca- 
della are known to be associated in the ratio of i: 114 in one Pennsylvanian 
formation. Moreover, when many single specimens representing the same 
three Genera are counted in the same formation, the same ratio is preserved. 
It is very probable, therefore* that these three types of conodonts were 
present in one living animal. Recognition of conodont assemblages made it 
obvious that different so-called species, Genera, and even Families were 
supposed to be present in ihe same living animal. Inasmuch as the rule of 
priority in nomenclature requires that a species have only one name, k 
follows that numerous synonyms should be dropped among names of cono¬ 
donts if the rule is to be applied. Incidentally, the same problem arises with 
regard to names of scolccodonts. In both cases it is extremely desirable that 
some name be available for those isolated conodonts or solecodonts which 
have never been relegated to an assemblage. Two solutions to the nomcncla- 
torial problem have been proposed. One group of specialists wishes to con¬ 
tinue to name conodonts as before and to ignore the taxonomic problem 
raised by the rather rare assemblages. Another group of specialists proposes 
that Insoluble problems of this sort be removed from the rules of Linnacan 
nomenclature. Two names would still be used, but the dames would be 
referred to some artificial system of classification* 

ZOO LOGIC AFFINITIES. The discoverer of conodonts 1 bought that 
they were teeth of fish, but no other remains of fish have been found in 
rocks as old as those which contain conodonts; therefore paleontologists 
have been prone to speculate upon what other groups the fossils might 
represent. In the ensuing too years* conodonts have been referred to poly- 
chaetc and gephyrean worms, to cyelostomc and myxiuc fishes, to selachians 
and elasmobranchs, to gastropods and cephalopods, and to arachnids and 
crustaceans* Three of these theories contain much of the evidence which bears 
upon all of the other theories. 

In general appearance conodonts: resemble jasvs (seolecodonts) of annelid 
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warms and toothlike parts of the mastax of Lfochelrmnlhid worms, but 
differ chemically; conodonts arc phosphatic but worm jaws are ehitinous. 
Oriented associations of conodonts indicate that they are paired organs 
arranged in linear series and consisting of different shapes* I his arrange¬ 
ment simulates the distribution o£ maxillae in many polychaetc worms and 
seems at first glance to support the interpretation of conodonts as chewing 
devices. Moreover, it is possible that traces of carbonaceous films near 
conodonts may represent the carbonized flesh of a soft-bodied creature with 
parapodia. On the other band, at is hard to see how delicately constructed 
objects such as conodonts could be used as chewing devices without suffering 
serious breakage and abrasion of cusps. Some abraded specimens, particu¬ 
larly platform types, have been reported, but most specimens seem to have 
been relatively intact when buried- 

So-called teeth on the rasps (raduke) of various molluscs such as gastro¬ 
pods arc similar to conodonts (Fig. 6 j9-S)i but radular teeth arc always 
chitinous instead of phosphatic. 

The preponderance of evidence is accumulating m favor of the theory 
that the conodonts are referable to the vertebrates, Phosphatic composition 
itself Is suggestive of vertebrate origin because of its common occurrence In 
vertebrate skeletons; it is not confined to that Phylum, however. More 
convincing evidence comes from the common association of conodonts with 
phosphatic jaw material and even bony substance adhering to the teeth. 

The tooth like appearance has suggested that these objects may be teeth of 
fish or of some more primitive vertebrate. It has also been suggested that 
they may have been dermal denticles or even gill rakers of some chordal e. 
In any of these cases the evidence of wear and breakage should be widespread. 
The fact is, however, that conodonts are singularly free from imperfections 
until they are exposed as fossils in their sedimentary matrix. Moreover, cases 
are known in which, a cusp was broken off in life and then the fracture was 
healed over with more calcium phosphate without loss of the broken tip. 
It therefore appears to be very likely that conodonts were completely buried 
in the flesh of the creature that bore them. This contention is supported 
further by the presence of concentric layers in the group w ith laminar struc¬ 
ture, which must have been secreted by successive additions from surrounding 
tissue. Possibly conodonts served as spicular skeletons. 

If none ol the foregoing explanations is adequate, then conodonts may 
represent an extinct group of creatures which bad no close relatives, living 
or fossil Unfortunately, this kind of an explanation is beyond proof. Instead, 
it seems probable that conodonts were internal spkular skeletons of a worm- 
like chordatc and served a function as yet unknown. Inasmuch as conodonts 
cannot be referred to any one taxonomic section of the known Chordata, 
they are treated herein as a Group of unknown rank. 

GEOLOGIC OCCURRENCE, Conodonts appeared suddenly and In 
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great numbers in the Early Ordovician, at which tame the simple cones were 
the dominant shape. Bars and blades became the most common shapes from 
Medial Ordovician through the Silurian, hut platforms are the most valu¬ 
able conodrints from the Devonian into the Permian* When conodonEs w p ere 
first reported from post-Paleozoic rocks they were suspected of being re¬ 
worked Paleozoic specimens, but the continued discovery of conodonts in 
Triassic rocks of many regions supports their actual Triassic range. Fibrous 
conodonts are restricted to the Ordovician, but laminar conodonts range from 
Ordovician to Permian. 

Specimens occur most abundantly in argillaceous sediments such as clay 
shales and black fissile shales, but they may also be abundant in limestone 
and sandstone. The solvent power of ground water is sufficient to dissolve 
carbonates and to cause the disaisociation of argillaceous rocks, yet not to 
corrode conodonts. As a result of the relatively low solubility of calcium 
phosphate* conodonts may accumulate as a lag deposit in soil and then be 
transported to another site of deposit ion. This process is generally referred 
to in paleontology as reworking, no matter what size of fossil is affected. 
If reworked specimens are added to new faunas characteristic of a higher 
stratigraphic unit, the resulting compound fauna is called a stratigraphic 
admixture. In other cases the reworked specimens sift into solution channels 
or into cracks in older sediments and give the appearance of occurring too low 
in the standard faunal zorntion. At Chicago, for instance. Late Devonian 
conodonts occur in narrow solution cracks in Silurian dolomite. This is a 
stratigraphic leak. Use of conodonts in zonatiqn requires unusual perspicacity 
on the part of a paleontologist lest he be deceived by reworking or delude 
himself Into explaining truly unusual populations as being due to leaks or 
admixtures. 


QUESTIONS 

i. What are some constructive and some destructive functions of worms? 

Why are polychactcs more important than other worms arc in geology? 

3, What philosophy of classification {Chapter 1) h reflected In the subdivision 
of the Polychatta ? 

4. How can scokcodonls and conodonts be differentiated? 

5* What problems affect the proper taxonomic assignment of the conodonts? 

6. What qualities of conodonts limit their usefulness in eor relations? 
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BRYOZOANS AND PHORONIDS 


PHYLUM IX, BRYOZOA 

The name Bryozoa* which means “moss animals," was coined in allusion 
to the growth habit of a few common forms which resemble the true mosses 
or Bryophyta. The majority ot living bryozoans and the important stony 
bryozoans of the Paleozoic, however, are not mossy in appearance. Some of 
these latter creatures are and were intrusting* Others constructed erect bushy 
colonies. The arborescent forms seem to have occupied the same biologic niche 
that hydrozoans. such as Mi He pom, and staghorn corals* such as Aeroppra, 
occupy today. Although Bryozoa abound in shallow water, they also live in 
marine water as deep as 18,000 feet (about 6000 m) below sea Icvck 

Recent bryozoa rt colonies tend to assume one of iwo growth habits* whether 
the environment is fresh or salt water. In one case the individual animals 
(zooids). about i millimeter in diameter, build a lacy, calcareous, pavement¬ 
like colony (zoarium) which incrusts some hard surface over an area up to 
5 centimeters in diameter. Each zooid consists of a fleshy polypidc which 
occupies one chamber or zooecium in the colony. Zoaria of this sort com¬ 
monly incrust the more rugged seaweeds found along all shores and also con¬ 
stitute a major element of the fauna which fouls the bottoms of ships. So 
effective is the reproduction of these animals that locally they are able to 
cover almost every shell or rock on the sea floor. They are major economic 
pests in the oyster industry because they prevent the new oyster spat from 
finding a place to settle down. 

Growth among other Recent bryozoa ns typically assumes a shrubby habit, 
in which zoaria are generally a few centimeters talk Zooccia in these forms 
are noncatcarenus; therefore the skeletal tissue is flexible, and the zoaria are 
soft and spongy- As a matter of fact, it is not easy at first glance to tell the 
differences among the gelatinous zoaria of some Bryozoa, the hydro id gen¬ 
erations of some Hydrozoa* and the soft bodies of some Dcmospongca. 
Among the foregoing groups, the Hydrozoa and Bryozoa are so similar in 
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general appearance that ihey were formerly grouped together with some 
other animals as the ^zoophytes*™ 

Among simply constructed Recent Rryozoa, the poJypidc is surrounded 
by a thin transparent zooecium secreted by the ectoderm (Fig- lb, fi)= 

The fleshy pnlypidc can project. from the aperture of the z cocci um when in 
feeding position or it can be retracted wiihin the zaoecium to a position of 
safety by retractor muscles around the aperture. The digestive system h a 
simple U-shaped tube suspended within the body cavity. The mouth oc¬ 
cupies the central position within the aperture and is surrounded by a ring 
of hollow' tentacles attached to a fleshy ridge flophophore). The anal open¬ 
ing is either on the oral surface just outside the Inphnphore (the ectoproct 
condition* Figs. 7,1*1., 6, 7), nr it may be within the tentacular ring almost 
in contact with the mouth (the entoproct condition. Fig, 7,1,5)* Food consists 
of microorganisms which are swept down to the mouth by cilia on the 
tentacles. When the extruded portion of the polypide is retracted into the 
zooccium* the digestive system is pulled farther back into the body cavity by 
special muscles attached to the floor of the zooecium. Respiration is effected 
by the tentacles. No circulatory system is present, but the body caviLy contains 
a colorless fluid in which corpuscles are suspended. If a nervous system is 
present, it consists of a single ganglion near the mouth and a short nerve cord 
running alongside the digestive track. 

Both sexes are contained in one zooid, and fertilization of eggs takes place 
within the body cavity. Fertilization leads to development of a modified 
trochophote larva which escapes from the body cavity in one of three ways. 
Some leave through a special opening in the body wall and others congregate 
in a special chamber, the wedum or ovicell (Fig, 714), before entering the 
water. The third group is freed only when the parent body disintegrates 
entirely in a special metamorphosis. Larvae are free-living only for a few 
hours, after which they settle down on the substratum. From this time 
onward, Bryozoa develop along two lines so different that some zoologists 
divide them into tw r o different Phyla, So-called cyphonautes larvae of ecto- 


FSflUr# 7,1 (append*). Morphology and O'evwlapme ra! fli flrynzM. 

la, lb, Sdittrmk dragrorm *F on KTopration with lophaphane extended and retracted, 
enlarged. 3o, 3b. Side and plan vinwj *F a iFatoblest, enlarged. Ija. 3b. Oblique grid end 
views of a cyph anaiiTex larva qf Membra rarpara ip., enlarged. *, Sid* ritv pi an avkulafFiiffl 
phowing ipwp ond mutcl#*, gmSlf onlarged. S Nrpidtl ol th# 4filopr«lon, Prdicwttinn 
»fP4rff, lOX, 6 B*Oltia fl rnnplaema 1 !* «?<3-pr&£pon, enlarged. 7, PSvmatmifa jp. r 

a otto proefan wilh □ diilind epiitont* abbve Ihe namb, enFargod. 0, part 

of a colony af ScmpaceJJInrjq Krupaia^ A5X. Extended and retracted pafypidei at A -and B. 
Empty xwocium at C IncompUrdy degenerated and encyiled p*fypid» wjlh brawn body 
at Or 0f*wii body onEy sf E 9. Nearly nmpl«i|l]F d«g*n«ra1#d pa1yp=d* in *hidi tentadei 
adfltrt la blown body, grMtjy enlarged 10, SilCCfflUY* budding from palffld anceitrufg* rAj, 
efllfitgtfd 11. SuaCiid-tfe budding From a tingl* -Qnc*ilrula (AI, enlarged. 12, Simg|ra n*au k 
budding Fran jingle anceitrula • A' . enlarged. 

^I r 4-b, 9 after Hindu. 1001), 2 trfltr Slmpign, 1095, 3, 7 ofiiF Marcus, 1940. 0 of ref 
Claparfrdf, 1071, 10 oft* r Waton. I92d, 11, 12 otter Stock 1930,) 











funiculul 


larva 


avicularium 


ent&procH 


ectap^acT 

Gyfflnaladmqta 


edapfod 

PhyladolaemalD 


rrM?lama?pl™ii 


budding 
















242 


INVERTEBRATE PALEONTOLOGY 


proct bryoznans (Fig. 7.1.3), having adhered to the substratum* undergo a 
complete metamorphosis in which every vestige of digestive track and other 
larval organs is lost and only a minute bell-shaped* chili nous* bivalvcd cara¬ 
pace remains, in which there is an apical plate suspended from the apex like 
a short dapper in a bell* Thereupon an entirely new zonid with complete 
digestive track and other organs is regenerated from the apical plate, and the 
carapace is calcified in so ihe first sad ike zoocduni (protoccium). The first 
chamber budded off the protoccium is the ancestroedumj usually there is 
only one ancestroccium (Fig. 7.1.11, 12), but in some cases there may be two 
ancestroeria (Fig. 7-1*10). Growth of the main mass of the colony progresses 
from ihe ancestroedum according to one or the ocher of two definite plans. 
In successive budding (Fig. 7.1.10, 11) ihe zooetia arise one after another 
in linear or curved series, but in simultaneous budding (Fig. 7.1+12) several 
zooccia in a whorl arise at the same time. In either case the zooeda in the 
colony grow dose together and cither incrust the substratum completely or 
form solid upward growths. 

In the second group* composed of entoprocts, the trochophore larvae settle 
down on the substratum and undergo only partial metamorphosis in which, 
for instance, the digestive organs are not reorganized. There are a pro- 
toecium and ancestroedum, and subsequent budding of zooccia progresses 
along much the same successive or simultaneous patterns which are followed 
by the moprocts. Systematises believe that details in the succession of pro- 
toccium-ancestroecium-zooecia reflect fundamental relationships among the 
different liryozoa; therefore, these features are given increasing attention in 
morphologic studies. 

Remarkably, the cctoproct Rryozoa not only display a larval metamor¬ 
phosis, but in general they repeat it several times during the growth of a 
zoarium (Fig+ 7*1,8, 9). From time tn time the lophophore and digestive 
organs ail disassociate into a structureless mass, leaving ineact only the outer 
wall of the body cavity and the muscles. While this transpires, small granular 
brown bodies grow by accretion in the body cavity and seem to be the center 
toward which degenerating organs gravitate (Fig. 7.1,9). In some cases the 
brown bodies remain in the body cavity, but in other instances they are 
voided in some way or drop out upon the death of the polypide. If the 
polypide does not die, new organs and lophophore then arise from a special 
bud inside the body cavity; they occupy the positions and assume the func¬ 
tions of the previous organs. Folypides in tubular zooeda normally grow' 
forward and seal off earlier portions of their zooeda with horizontal plates 
like tabulae in corals. Therefore a succession of brown bodies in a zonedum 
signifies die number of recurrent metamorphoses which have taken place 
(Fig. 7-S), Two explanations of the purposes of adult metamorphosis have 
been offered. According to one theory, a degeneration of tissues must take 
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place in order to allow larvae to escape from the body cavity* Proponents of 
the other theory maintain that the absence of excretory organs among the 
eeioprocts necessitates some other way of disposing of nitrogenous waste; 
brown bodies, being highly nitrogenous, mjy represent a method of dealing 
with physiologic problems which are solved in other animals by the func¬ 
tioning of nephridia or of kidneys. 

Defensive or cleansing mechanisms consist of whiplike rods (vibratula) 
and of tiny jaws (avicuEaria), which bear a singular resemblance to the heads 
of birds (Fig, 744). The tiny jaws snap this way and that with vigor and 
may succeed in grasping some tiny foreign object which is then moved off 
the surface of the zoarium, Avicularia and vibracula are equally interesting 
zoologically* for they are both the outwardly extended parts of highly modi¬ 
fied zooeda* The little zooccium to which an avicularium is attached* for 
instance, is an avkuloeeium (Fig. 7.16.^). Except for highly specialized larval 
stages of insects, the differentiation of zooccia among Bryozoa represents the 
last attempt at functional dimorphism by animals* This excludes sexual 
dimorphism, of course, which is the rule among higher animals and is a 
different kind of dimorphism than that illustrated by Bryozoa. 

CLASSIFICATION* As is commonly the case for other groups of ani¬ 
mals, classifications of Bryozoa by paleontologists and zoologists are based 
upon different criteria, li is widely recognized that endoproots and cctoprocts 
are notably different, but the criteria upon which the difference is based are 
not recognizable in skeletal construction. Moreover, some fossil Bryozoa 
differ from Recent species in habit and in zoocdal details. Under these 
circumstances the currently accepted classifications are hybrid things in 
which some basic assumptions of relationships arc not capable of proof. 

Until a few years ago the three groups of invertebrate creatures with a 
lophophore were grouped together as the Phylum MoBuscoidea. Of these, 
the hivajvcd brachiopods are, as the word Molluscoidea implies, “mollusc- 
like," but phoronids are wormlike, and bryozoans arc mosslike. It is in¬ 
teresting, however, that some Bryozoa have a bivalved larval stage, even 
though some authorities relegate this stage to a position of small or of no 
evolutionary importance because it seems to arise late in the development 
of the group. Not only is the old Phylum Molluscoidea now split into three 
Phyla {of which Phylum Bryozoa is one), but more recent zoologic tax¬ 
onomists recognize Phylum Endoprocta and Phylum Ectoprocta. The in¬ 
termediate three-part solution is followed herein, with all bryozoanltke 
creatures placed in the same Phylum; and the phoronids and brachiopods are 
placed in separate Phyla* 

Incidentally, the word Pulyzoa was proposed one year before the word 
Bryozoa as the name of this Phylum. In British and continental literature 
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P'olyzoa ordinarily is used H whereas in America Bry ozena is preferred. Priority 
does not govern taxonomic status of names higher than Genera so nationalistic 
opinions may influence the choice of names for the higher taxa* 

Key to Major Tax* op Bjlyozqa 

L Anal opening within the lophophore . Class Enloprocta 

IT, Ana] opening outside of the lophophore Class Ecioprocta 

A. Mouth with hood (cpisiome) Subclass Phylociolacmatj 

B. Mouth without hood . Subclass Gymnolacmata 

ti Colonies typically thin and inarming 

a. Apcrturcii comh^hcaring ........ Order CtcnoHomida 

b. Apertures round 

(1) Zooeeia tubular..,. Group i Cydostomida* 

(2) Zoocda boxlike .. .. Order Chcilo&tomida 

2, Colonies typically erect 

a. Colonies bey B .. T *..,, *.Order Cryptostomida 

b, Colonies stony 

(1) Walls minutely porous ... . . Group a Cyelostomlda fl 

(a) Walls solid .*„.„,****.,. ... Order Trepostomida 

* Notice shat two different groups ran he diu ingubshed within the Order Cyclmtomida 
when general eslcfftat features arc considered. The two groups intergrjide, however, 
and therefore have nal been deemed worthy of erecting special taxa for efieir reception, 


Class A, Enf opr acta 

The entoprocts are characterized not only by having the anal opening 
surrounded by a circular lophophore, but their tentacles cannot be retracted 
into the zooccium (Fig. 71-5)- Although the digestive apparatus resembles 
That of other Hryozoa, it is suspended in a gelatinous parenchymc-filled body 
cavity instead of in a fluid-filled body cavity. Moreover* a very primitive ex¬ 
cretory system is present which consists of a pair of tubules with flickering 
citta forming “flame cells/* as in die Platyhelmsnthes. Entoprocts arc small 
unimportant inhabitants of fresh water and salt water. Although most of 
them are colonial, the only noncolonial hryozoan known belongs here. Only 
about 40 species are known and none has been reported fossil. 

Class B. Eetoprocta 

The ectoprocts are large Bryoztia in which the ana] opening is outside of 
the lophophore and the tentacles are retractile. They lack an excretory system. 
The body cavity is filled with fluid. Ectoprocts arc the most common bryo- 
zoans and to them most of the general descriptive material applies, h is 
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customary to divide them into two groups according to whether the mouth 
is covered by a little fleshy hood (cpistomc) or is devoid of this structure* 

SUBCLASS 1 - PH YLACTOLAEMATA 

In this group there is an epitome, and the lophophore is ovate or horse- 
shoe-shaped (Fig* 7,1-7)- They engage in a remarkable kind of reproductions 
however* in which a minute, discoidal. chitincus r resting stage (statoblasi, 
Fig, 7*1,3) is formed 1 this appears to be capable of fcsUization. During 
drought or at the approach of cold weather these statohlasts form on the 
muscle which retracts the digestive tract- After death of the polypide* the 
statoblasts are released* even being transported by wind. When normal 
aqueous conditions prevail again* the statoblasts rupture and produce new 
colonies. Because of their case of transportation, these Bryozoa become a 
twentieth-century nuisance by dogging up air-conditioning systems and 
cooling towers with their gelatinous colonies. Heretofore* they had also been 
identified as the inhabitants of systems carrying unfiltered water in some 
European cities. All of the 40 known species inhabit fresh water and none 
has been reported fossil* 

SUBCLASS 2. GYMNOLAiWATA 

This group lacks the cpistome t and the lophophore is circular. More 1im¬ 
portant, the members normally have calcareous skeletons, so almost all of 
the known fossil forms are referred here* even though in them the nature o£ 
the lophophore and the character of the mouth region are absolutely un¬ 
known. 

Order a Cydostomida 

As the name implies these Bryozoa have a circular aperture* In addition* 
the zooccia tend Ip be tubular* with porous calcareous walls* but without 
transverse partitions or an operculum, Avicularia and vibraeub are absent. It 
has become increasingly evident that environmental differences con trot the 
shape of zoaria so much that identification is very doubtful if based on simple 
zooecial features alone. Colonies of a species grown in quiet water are long 
and slender* whereas colonies of the same species grown in rough water arc 
short and broad. Accordingly, present practice is to rely almost exclusively 
on characters of the ovi cells for definitive recognition of species and Genera* 
both of the thin intrusting forms and of the erect but delicately constructed 
colonies. Most of these lacy and delicate cydostomes (Fig. 7-2*1* 4, 5, 6) are 
post-Paleozoic* but they are known in strata as old as the Ordovician through 
Stomatapora (Fig, 7^ $). They comprise ihc Group 1 cyclosiomes in¬ 
dicated in the key above* Possibly they might be referred to as "stomato- 
poroid eydostomes." 
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The so-called Group 2 cyelostomes indicated in the key are composed of 
husky calcareous zoaria (Fig, y.ji, 7- 8 ) which resemble the massive stony 
hryozoans (Order Trepostomida) so closely in external appearance that they 
can be told apart only by study of thin sections. Walls of these stony cy- 
ciostomes are minutely porous, whereas those of treposiomcs are solid and 
are modified hy special structures described hereafter in this chapter. Never¬ 
theless, structure of the stony cyelostomes is convergent with that of the 
Trepostomida by having small accessory zooeeia (mesoporcs), a thickly con¬ 
structed outer zone, and either smooth depressions or tiny nodules on the 
surface (Fig. 7.3). A calcareous hood (lunarium) may overhang the aperture 
in some forms (Fig- 7.3.3). In transverse sections of zooecia the traces of the 
I unaria may be represented in the waljs by moon-shaped figures (Fig, 
a). Lunaria are as diagnostic of Cyclosiomida as are their perforate walls. 
Possibly the oldest btyozoan yet discovered is a stony eyelostome, 
Arckaeotrypa, from Upper Cambrian strata of Alberta (Fig. 7.3,7). One of 
the commonest of all Paleozoic bryozoans is Eistulipom. Different species are 
incrusting, massive, or arborescent. Fistttlipora is particularly noteworthy for 
the coenosteum of vesicular chambers which fill the broad spaces between 
zooeda (Figs, 74-12 and 7.3.5). So angular is this kind of structure among 
hryozoans that it commonly is referred to as fislidipoioid structure in order to 
distinguish it from the very similar coenostea of corals. Among some un¬ 
usually shaped zoaria, Evactinopora (Mississippi) is star-shaped (Fig. 
7.2,9, 10), and Prismoporo (Devonian to Permian) is prismatic with a tri¬ 
angular cross section (Fig. 7.2.J 0 * M 

Group 2 cyelostomes might be called fistuliporoid cyelostomes or u- 
narioid cyelostomes” in order to differentiate them from the Group 1 or 
stomatoporoid cyelostomes. 

Order b. Ctenostomida 

Ctenoscomes, or “comb-mouths," get their name from an operculum of tiny 
spines or setae which can cover the aperture in some forms. In others,, the 
aperture is closed by wrinkles in the tentacle sheath as the tentacles are with- 
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drawn (Fig, 7+1). Avjcularia, vihracula, and ooecia arc absent This ^roup 
is almost entirely marine. Inasmuch as tile zooccla are typically chitmous, 
only a few calcified members are known. Instead, the former positions of the 
chitinous sheaths are commonly indicated by delicate indentations where 
ihe colony has dissolved the intrusted surface of calcareous materials. Indeed, 
the oldest ctcnostomes, such as VincJia (Ordovician), arc represented by such 
shallow excavations (Fig. 7.44a)* In most of the early species the growth pat- 
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tern is nctlikc, with tubular stolons and trails verse branches. Erect tubular 
zooecia arc encountered in Mesozoic or Cenozoie rocks on rare occasions, 
and this growth habit is common in Recent seas. Although the Ctenosiomida 
range from Early Ordovician to Recent, they are never important. Alcy- 
Qfiiiiium is a well-known Recent Genus. 


Order e. Trepostomido 

Of all the Orders of Bryozoa, the Trepostnmida arc the most important 
rock-makers. These arc commonly referred to as the stony bryozoans. al¬ 
though it will be remembered that some of the Cyclostomida also merit this 
name. Zoaria consist of a multitude of slender tubular zooecia packed tightly 
together into rocklike masses. No soft parrs have ever been described for 
members of this Paleozoic Order; hence, their systematic position in the 

Phylum is only inferred. . tv , 

The simplest growth form of stony bryozoans is as thin incrustations on 
some hard object such as the skeleton of a coral, brachiopod, or another bryo- 
zoan, or as incrustations on a rock. Zooecia in these thin expansions are 
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tubular or prismatic and rise in meet the surface at about a right angle, in¬ 
stead of being pavements of box like zooeeia as in most other inc rusting 
bryozoans. By continued upward growth the intrusted form gives rise to 
hemispherical or tabular, massive zoaria which vary in size from mounds the 
size of bonbons (Fig. 7.5-3) to great slabs several centimeters thick and almost 
a meter m diameter. Oilier bryozraans grow upward more than laterally and 
produce erect, branching, of anastomosing shrubbery with stems about ns 
thick as pencils and with colonies as much ns .1 meter In height. This is the 
ramose habit (Fig. 7.5.1, a* 8a, 9a). Or the upward growth may be in the 
form of a flat, or contorted, fan-shaped znarium as large ns the palm of one's 
hand, but only a few millimeters thick. These are the fmndose zoaria (Fig. 
7.5.5). 7 hey may consist of two sheets of tissue backed up as a bifoliate 
zoarium or they may be unilamellar. As has been pointed out previously, 
growth habit alone is not sufficient for differentiation of hryozoan groups. 

Surfaces of trepostomes ordinarily provide meager information for use in 
their identification. In exceptionally dean material it is seen that two sizes 
of apertures art present. The smaller apertures denote the location of meso- 
pores or slender tubules packed in among the znnecia (Fig. 7.5.9b). Most of 
the zooccial apertures are round, although polygonal apertures arc also 
known. Rh^mbatrypa (Ordovician) is almost unique in having variously 
oriented patches of quadrate apertures {Fig. 7,5.6). Some species bear 
minute granules on the walls between zooccial apertures. Surfaces of many 
irepostomes are evenly textured and regular, whereas others bear unusually 
smooth-floored areas (maculae, Fig + 7.5.9b) or low mounds (monticules, 
Fig- 7-5 7)+ Both of these irregularities represent clusters of mesopores. 
Maculae and monticules occur at relatively constant intervals, such as two 
or three in 1 centimeter, and! are of some taxonomic value. For Instance, 
HaHopora is characterized by abundant* ridgdike, or nodose monticules (Fig. 
7,5.1, i) f whereas CofifteUaria Is strikingly studded with star-shaped maculae 
(Fig. 7,54), 

In spite of variability In shape and surficia] characters, it is necessary to 
study the internal skeletal anatomy of stony bryoznans in order to be con¬ 
fident of identifications. Many years ago, when only external features were 
considered, there was great confusion as to whether Monticulipora belonged 
with the Bryozoa or with the tabulate corals such as Choctctes and TctraJmm r 
Colonies of all of these Genera consist of slender tabulate tubules. When the 
use ol thin sections became general about 1890* the key to careful discrimina¬ 
tion of species was at hand. The ‘'Monticuliporoid Controversy" was ir¬ 
refutably solved in rqia when the presence of protoccia and ancestroeqa was 
demonstrated in thin sections of Monficult para. Now it is customary for 
authors to illustrate internal anatomy of ire post omes as seen in thin sections 
□fid even to omit illustrations of external features. 
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Two thin sections arc necessary for adequate study of the internal anatomy 
of irepostomcs (Fig. 7.6). In ail cases, 011c plane of section must pass just 
under and parallel to the surface of the zoarium. This tangential section is 
intended to show the microscopic features of zooedal walls as viewed trans¬ 
versely; that is, in a plane at a right angle to the axis of the zooecia. The 
plane of the other thin section must pass along the axes of die zooecia as they 
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rise through the zoarium to form a longitudinal section of the zooccb. In 
incmsrmg and massive forms this plane will be located vertically at right 
angles to the surface. Ill ramose zoaria the plane must include the axis of a 
stem, and therefore is axial and radial, as well as longitudinal. A well-oriented, 
longitudinal section reveals how the xoaccia rise almost vertically from the 
axial region and then curve outward rather abruptly to meet the surface at 
an acute angle or at a right angle. In frondose zoaria the plane of section must 
lie normal to the surfaces and parallel to the direction qf growth 5 this means 
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that the section will he vertical near the center of a frond but inclined some¬ 
what if taken near the side of a zoarium because the zooecia grow in. spray 
fashion upward and outward. 

Once the thin sea tons ore prepared, a whole new group of morphologic 
features is made available. In the first place, the longitudinal sections reveal 
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two distinct zones in trepostomes (and in some Cyckutomida), the outer one 
of which forms a sort of coarsely constructed rind, the mature region* 
and the inner or earlier one of which is the delicately constructed immature 
region (Fig 7J&). Zooecial walls in the immature region are thin and com¬ 
monly are wrinkled, whereas they are very thick and straighter in the mature 
zone. Beaded walls are said to be moniliform (Fig. 7.7.9b)* Cutting across 
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zooccia at right angles are thin plates, the diaphragms, which are exactly 
analogous to tabulae in corals. Diaphragms arc closer together in mature re¬ 
gions than in immature regions. Diaphragms may b* uninterrupted p ates 
(complete), or they may extend only halfway across a znoeemm (hemi- 
phragms, Fig. 7.7.1O, 11), or they may be perforate {Fig. 7.7.9a)' Special cyst- 
osc structures (cystiphragms, Fig. y.y.iib), analogous to dissepiments in 
corab, may lie in a vertical series along one side of the inside of zooccia of 
some Genera. Cystiphragms are concentrated almost exclusively in the 
mature region of some bryozoans but occupy both regions in other Genera. 
Mcsoporcs, as seen in longitudinal section, are slender tubes only about one- 
fourth as wide as zooccia and are present only in the mature region (Fig. 
7.7A 12b). They are filled with closely packed diaphragms. walls of zooecia 
in the mature region may contain minute longitudinal tubules called acM- 
thopores which open at the surface at the spines or granules on zooccal walls 
(Fi r; , 6, g). [n life they also may have supported avicularm or v.bra- 
cula, but their function is actually problematical because no living bryozoans 
and no fossil bryozoans other than the trepostomes have acanthopores. 

Tangential sections, by being just beneath the surface, reveal the micro¬ 
scopic features of the mature region. These sections are particularly use ul 
for determining diameters of zooecia, mcsoporcs, and acanthopores; for 
determining wall thicknesses; for detecting perforate diaphragms, and for 
determining which acanthopores lie wholly within the zooecial walls and 
which bulge out into zooecial chambers. Moreover, tangential sections reveal 
whether walb of adjacent zooecia are separate and meet at a median lure 
{integrate walls, Fig. 7 - 7 - 5 - 6 ) or 3fC fuscti mt0 a common waU ( amal l an » te 

W Fr om 'dij forego big description of longitudinal sections it is apparent that 
the mature region is much more complicated than is the rntmature region 
Stony brvozoans seem to grow forward by adding new material to the 
surface and by sealing off inner regions with diaphragms, very much as corals 
do (Fie, 7.8,4V). In this way the tip end of a ramose branch is always formed 
bv the mature region, and the surficial rind of a massive f-m ^ways com 
prises mature region. How then is it possible for the thm-walled and simple 
features of the immature region to arise if they once were part o the rnamre 
region but now are scaled off from the polypide by diaphragms P Th.s is the 
“Paradox of the Trepostomes." Obviously, trepostomes found some way to 
alter the construction of the inner recesses of a zoarium by resorb.ng some 
skeletal tissues. The best suggestion as to how this alteration was^ccmpiished 
involves the phenomenon of adult metamorphosis, which has been observed 
among Recent Bryozoa. In thb instance a polypide would undergo i« peri¬ 
odic degeneration, in which not only much of the Reshy tissue, but, in the 
case of the Trepostomida, some or most of the structures of the mature re- 
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gion as well would be rcsorbed. Presumably a 2onc of brown bodies would be 
formed during the metamorphosis. Upon regeneration^ the new polypldc 
woutd advance slightly in its zooeeium and Jay down the normal comple¬ 
ment of new diaphragms behind it. During these readjustments either the 
inner portions of the thick-walled mature region were slightly resorbed, or 
they were totally resorted and rede posited in more outward locations. There 
docs not seem to be any evidence on which method prevailed. In either case 
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the mature region would advance regularly and the immature region would 
seem to follow along behind it. Two lines of evidence indicate that meta¬ 
morphosis did take place in the Trcpostomida. In the first place, longitudinal 
sections of zoaria usually retain traces of internaJ zones of diaphragms and 
slightly thickened places where diaphragms and walls meet (Fig. 

These features can be interpreted as relics of incomplete metamorphosis. The 
most conclusive evidence.* however* seems to have been discovered in several 
species of Ordovician trepostomes (Fig. 7.S.1-3) which apparently retain 
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fossilized brown bodies. Some of these supposed brown bodies merely lie 
within abandoned chambers of zooeete, buL others seem definitely to have 
been specially sealed off or encysted by the polyp Stic. 

Some of the familiar Genera of trepostomc hryozoans are shown in Figures 
7-9 and 7.10. One of the most interesting of the Trepostomida is PhyUoparina 
{Fig. 741). Its branches curve back and forth and fuse where they touch each 
other. In general appearance this lacy form resembles some of the Crypto- 
stomida discussed next. 


Order d. Cryptostomida 

The cryptostnmes are almost a]] lacy, erect, thin expansions of great delicacy 
and beauty. A few are rather ramose, tike the Treposiomida. All arc cal¬ 
careous* In life the frondose erect zoaria were cemented in the substratum 
along the edge on which they were balanced, It is natural, therefore that 
these creatures, when discovered in the rocks* usually occur as broken frag¬ 
ments lying on bedding planes. Even $o> they can be identified readily because 
the zoaria consist of identically constructed components. 

Zoaria of frondose cryptostnmes (Fig. 7,12) consist of vertical branches 
which are cither connected by crossbars called dissepiments, or the branches 
arc sinuous and fuse together where they converge. Thus, the branches and 
dissepiments frame small windows (fencstrulcs) which pierce the fronds* 
On the obverse or apertura! face of a zoarium the branches bear two to about 
eight rows of zooecia] apertures (Fig. 7.12.1U 3b, 5)* If the zoarium is 
unilamellar, the reverse face lacks apertures bui is longitudinally striate 
y,ii,ia) T bifoliate fronds both faces bear apertures (Fig. 7.13.3a, 7). 
In the ramose cryptostomes the zoocria rise toward the surface as in the 
ramose trepostomes. 

What appear to be apertures on the branches are certainly the openings 
from which polypidcs gained access to their environment, but the actual 
openings of the zocccial chambers are at the lower end of a tube or vestibule, 
of which the visible aperture is merely the surfidal opening {Fig, 7,13.6}. It 
is from this feature of having the true zooecial aperture at the bottom of 
a vestibule that the Order derives its name; Cryptostomida means "hidden 
mouth." 

The number of zooecia which are present in a specified distance can be 
ascertained by counting apertures on the apertural face of a frond or by grind¬ 
ing thin sections in the plane of the froiid T Sections near the surface reveal the 
circular outlines of the tubes leading up through the thick surficid deposits 
from the zooccia proper (Fig. 742.3c). Sections cut near the axial plane of 
the frond are much more instructive because they reveal variations in the 
shapes of the zooecia (Fig. 7.12.3d). If sections at right angles to the Frond 
are prepared the incomplete diaphragms (hemisepta) which partially obstruct 
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the passage between the zooecia anti the surface can be seen (Fig. y.tj.S-S). 

The origin of the Cryptostomida is somewhat controversial. Some authori¬ 
ties think that the Cryptostomida were derived from the Cyclostomida, but 
other specialists are impressed with the similarity between the anastomosing 
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irepostome, Phyliopenna (Fig. 7.1 i)r and the cryptostome, AnatUtmopcra 
/pjg 7.13^). The most characteristic of all of the cryptostomes is Fencsutia, 
which ranges from Ordovician to Permian and is one of the commonest 
Paleozoic fossils. From 11 arose numerous fenesicllid variations, such as in- 
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creasing the number of rows of apertures on 3 branch or extending apertures 
continuously along both the branches and the dissepiments. Thus, the entire 
frame surrounding each fenestrule in Septopora is covered with apertures 
(Fig. 7.12.3b)- Another trend led to increased height of the ridge or cariiia 
which extends lengthwise along the midline of the aptrtural face of each 
branch, [n unspecialized forms the carina is low (Fig. 7.12.1c), but it may be¬ 
come high enough to double the thickness of a frond. In even more elaborate 
forms such as Nemstrypa (Fig. 7-12,6) the carinae are not only high* but they 
have produced flanges along their sides. These flanges extend across the 
intervening space between carinac and fuse with their opposite .number on 
the adjoining carina. The whole meshwork thus formed produces a false 
apcrtural face lying above the true apertural face. Presumably the carinac and 
flanges protected the fleshy tentacles, but the addition of skeletal material 
must have taxed the strength of the delicate fronds to support the extra 
weight. 

One of the most peculiar animals known to paleontologists is the eryptos- 
tome Archimedes. Members of this Genus consist of a calcareous axial sup¬ 
port which is coiled in a helicoid spiral and a fenestellid frond which is en¬ 
rolled 50 that its lower edge is embraced by the crests of ridges on the solid 
axis (Fig, 7,12,13). The whole assemblage was balanced on its tip, but was 
kept erect by an elaborate system of oblique props like guy wires; the props 
traversed several layers of fronds in passing from the axis to the substratum. 
As normally preserved in Mississippian strata in several of the middle and 
eastern states, the delicate fronds have been broken away and only the solid 
axes remain (Fig, 742,11). Archimedes seems to have migrated into the 
western states by Pennsylvanian time. Moreover, die Last representatives of 
the Genus arc known from the Permian of Russia. 

At the same time that Archimedes flourished, Lyropom evolved along 
similar lines (Fig, 7.12.8, 9), In that Genus a flat, fenestellid frond was 
suspended between the arms of a U-shapcd support like an ancient lyre. 

Among ramose cryptostomes, Rhomirtpora Is the best-known Genus (Fig. 
7.12,7). It is especially abundant In Pennsylvanian strata but ranges from 
Devonian to Permian. 

All Cryptostomida were marine* 

Order e. Cheilastomida 

As the frondosc Cryptostomida were the most delicate of all Paleozoic 
Bryozoa, so the Cheilostomida were in post-Falcozoic times. If ever the word 
beautiful were applicable to fossils, it should be applied to these elegantly 
contrived creatures. The Order consists mostly of incrusting zoarta* although 
a few erect fronds and even rather solid ramose growths arc known. Typi¬ 
cally, a colony consists of a one-layered pavement of zooids in which the 
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zooccia occur more or less side by side like bricks m sidewalk, except tha_ 
among chdlostomes the outlines usually are ovate or casket-shaped instead 
of being rectangular. The only exposed surface, which is called the fronts 
walL Generally bears a wonderful variety of spines, pores, granules, pits, ana 
bey fretwork which delight the eye and facilitate identification of many 
species. Apertures are modified into a considerable diversity of ovate, quad- 
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raw, trilobate, lunate, elongate, and leyhole^baped outhnes. « 
significance ia rhr presence of a movable operenhm or> .hrch on 
the aperture (Fig. 7.14.10-13)! *• “ amc o( ll ’ c order m ““ P 

“Slirf. which are specially modified for reproductive purpose! are called 

ooeeia or ovtoUs (Fig " “£“l£ 2 ? 2 U! 

notably different shape than the zooeeu. of feeing *»*■£?* 
from ovicdls through an aperture which commonly is connected with or 
adjacent to the aooecial aperture. Ovimtls currently arc assigned paramount 
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importance in identification of chcilostnmes; in fact, some specialists cate¬ 
gorically question the identification of any species for which ovicells are 
as yet unknown. Ornamentation of ovicdls, and size, shape, and location 
between, or above, or indenting zooecia are all important. 

Recent cheilostomes also are characterized uniquely by the presence of 
□vicuJaria and vibracula. These singular structures arc not found fossil but 
their locations on zooccia may be indicated by special perforations or scars. 
In spue of the remarkable self-sufficiency of individual zooids, they seem to 
cooperate to some degree, such as nourishing nonfeeding zooids and coordin¬ 
ating movements of vibracula. The only communication among adjacent 
zooecia seems to be by microscopic fibers which pass through tiny holes 
(septula) in the lateral walls. For reasons not clear, cbeilostomes restrict the 
volume of the zooccia by building up a layer of vesicles (dictellae) on the 
lateral walls analogous to dissepiments in corals and to cystiphragms in 
trepostomes (Fig, 7-14.9). As a result of all these internal complications, 
students of cbeilostomes arc coming to rely more and more on horizontal 
and vertical thin sections to show wall structure, profiles of ovicells, and 
nature of the apertures. 

A poiypide can be extruded through the aperture when the operculum is 
open, or it can be retracted and then sealed within the zooccium by closing 
of the operculum- Much importance is attached to the two different basic 
mechanisms by which the poiypide is moved in and out. In both instances 
it must be remembered that the fleshy parts are suspended within fluids con¬ 
fined within the zooccium; therefore the technique of movement must utilize 
the property of incompressibility of fluids. In the simplest case the central 
region of the frontal wall is a chitinous and flexible membrane (eetocyst) 
which can be pulled down a short distance into the zooecia! chamber by a 
set of muscles, thereby compressing the fluid in the zooedum and forcing 
the poiypide out of the aperture (Fig. 7.15.1c, id). When the muscles relax 
the frontal wall springs back to its normal position by its natural resiliency, 
and the poiypide is forced back into the zooedum by the higher external 
water pressure (Fig. 7.15,1a, ib). The action of retractor muscles attached to 
the base of the poiypide is coordinated with action of muscles attached to 
die eetocyst. Naturally, the eetocyst ts not preserved fossil- hence bryozoans 
with this kind of structure are unusually lacy in appearance (Fig, 7.18.1. a,) 
A slightly different variation of die foregoing operation is provided by 
Bryozoa in which there is a perforated skeletal platform (cryptocyst) be¬ 
neath the eetocyst. Action is the same as in the forms with only an eetocyst, 
except that muscles pass through the holes in the cryptocyst (Fig. 7.15.3). 
Yet another variation is seen in forms in which there is a perforated skeletal 
roof (pfruiocyst) above the eetocyst (Fig. 7.154). In this arrangement the 
pores in the plcurocyst allow water to force the eetocyst clown when retractor 
muscles contract* 


245 


BRYQZOAN5 AND PKORONI05 


In the second baste method of operation the entire zooccium is calcareous 
and imperforate; hence the fronial wall is rigid (Fig. 7 - l 5 - 3 )- ^ lut “ 
increases within the znoecia of primitive members of this group w •* 
special Bag or compensating sac (also called the asctis) expands. The ascus 
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lies alongside the digestive track and opens to the ouuide of the sooecium 
through a special orifice that indents the postenor s»de of the •mbU 
muscles inserted between the elastic base of the compensating sac and the 
rigid zooecial walls contract, the sac expands and forces the poly F de: out 
of the aperture (Fig- 7 -'S& 3 *>* At the same time water from outside « 
sucked into the orifice of the compensating sac and enables it to expand. 
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Conversely, contract]cm of the compensating sac and simultaneous expulsion 
of its contents reduces fluid pressure within the zooecium, and the polypide 
is forced back to its retracted position by water from the outside (Fig. 715.3a, 
3b)- Naturally, the operculum opens and closes in conformity with the dif¬ 
ferent positions of the polypide* but the hydrologic system is so ingenious 
that while the anterior end of the operculum swings outward to open the 
aperture, the posterior part swings inward to open the orifice of the com¬ 
pensating sac. Opercula of these chcilos tomes reflect the nature of the hydro¬ 
logic apparatus because they bear a tongue like append jge which closes the 
mouth of the compensating sac (Fig. 7.144,5). The seesaw system of leverage 
has as its fulcrum a pair of toothlike spines (cardellcs) cm opposite sides of 
the aperture. If large card dies articulate with the operculum the outline of 
the operculum may be indented into the shape of a numeral 8 (Fig. 7,14.2). 
In the most advanced cheilostomes with compensating sacs the mouth of the 
sac has migrated back out of the zooecial aperture and opens through a special 
ascopore on the frontal wall (Figs, 7,[4,1a and 7.15.5). 

The Cheilostomida usually are divided into two Suborders depending upon 
the nature of the hydrologic system. Those without a compensating sac are 
the Anascina fe and those with a compensating sac are the Ascophorina. The 
Ascophorina arc thought to have arisen from the Anascina by progressive 
dosing olf of the ectocyst by one of the skeletal layers shown in Figure 7.15, 

Perhaps the best-known sequence of modifications by which some Anascina 
produced some Ascophorina is the development of a pleiirocyst from 
apertura! spines. Stages in this morphologic senes are shown in Figure 7.16. 
The Genera illustrated are from the Cretaceous of England and Europe, but 
the figured examples are not all in strict stratigraphic sequence and do not 
constitute an evolutionary series as shown. The ancestral form is represented 
by Mcnibraniponi, in which a simple cctocyst is surrounded by a ring of 
long spines on the frontal wall {Fig. 7.16.7)- The first modification appears 
in Myiigroporn (Fig. 7.16.1, F) in which spines arch across the ectocysi but 
remain unfused. The first fusion of the tips of spines characterizes the Genus 
Atiiiptopora (Fig. 7*16*2) ? in which an apcmiral bar is formed by cohesion of 
the first set of spines posterior to the aperture. Inasmuch as a pert Ural spines 
are slightly offset on opposite sides of the frontal wall, they do not meet 
symmetrically across the ectocyst. As a result of this, the apertural bar in 
primitive Genera is asymmetrical, but it becomes symmetrical in advanced 
Genera, Successive rows of spines rapidly become fused into costae which 
meet along the mid line in Thora^opam (Fig. 7*16,3). At this stage one can 
say that the spines have been transformed into a plcuroeyst. Moreover, the 
aperture begins to show a waistlike constriction which presumably signifies 
that a compensating sac was present. Solidification of the plcurocyst came 
about through two processes. Some Genera such as Caipidoporz (Fig. 7.16,4) 
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increased the number of costae and the strength of each costa, whereas 
Genera such as AnJriopora (Fig. 7.16.5) arc characterized by the presence 
of lateral processes which bridge the space between adjacent costae. The 
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olcurocyst has become a solid plate without perforations in Trialpapor* 
fFitr 7 i6j 6V hence there is no question that this form must have had a eom- 
oen^dnvt sac. Moreover, the aperture is distinctly ascophormc tn outline. 
Evolution of the stalled cribrimorph group of clie.lostomatous bryozoans 
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ha* been studied in great detail by Lang (tgi^ i^r-r^i). * 1 He recognized 
ten Families of cribrimorphs* each of which lie concluded arose independently 
from an ancestor resembling Membranipora (Fig. 7.16*7) and then evolved 
by parallel descent with the other nine Families,, As an example* the patterns 
and changes within the Pelmatoporidae arc shown in Figure 7,17, 

The frontal wall of the Pclmaiopnridae consists of arched hollow costae 
which meet and fuse along the midline of the frontal wall; but the tips of 
the costae bend up to form low spines (pelmae) which resemble hobnails on 
the frontal wall, The aperture of an unspccializcd form bears four spines 
on its distal margin and is flanked on its proximal margin by a heavy aper- 
rural bar. Large primary avivuioeda are conspicuous alongside the aperture, 
T he principal adaptive problem involves the addition of increasing amounts 
of calcium carbonate to the skeleton until the spaces bcLwcen the costae are 
fitted and the frontal wall becomes essentially solid; a pert lira I spines are then 
entombed; and the lateral walls between zooecia are thickened and covered 
with a secondary deposit. If the apcrcural spines arc lost, the position of the 
middle pair is occupied by a pair of small secondary aviculoecia, Minor 
changes concern rather general increase in size (not shown,}; general increase 
in number of costae; and change in the shape of the aperture from elongate 
to transverse. Colonial habit changes from incrusting 10 erect and from 
unShminar to bilaminar. 

The main line of evolution of Pctmaiopora passes from P. culctala to P. 
damicomh by changing the habit from incrusting, through erect and unilam- 
inar, to erect and bilaminar. Sizes of zooecia increase, but they are all depicted 
the same size in Figure 7.17 for greatest clarity. Zoned a lose their elliptical 
shape and become parallel-sided. Costae increase in number. Primary pelmae 
migrate laterally and secondary or even tertiary pelmae occupy the mid line 
of the fused costae. Apert u rat spines are present up through the stage of 
F. pcro v but that species has no secondary avictiloecia, P. farydonti bears 
one pair of spines and one pair of secondary aviculoech and thereby occupies 
an intermediate stage between P* pero and members of the series from F. 
munupitiim through F, damicontis which have no spines, but whose second¬ 
ary aviculoecia become increasingly prominent, 

A second trend originated with P. c&lc&ita and terminated with F. simple) r. 

Professor H* High ton Tfoomai of die British Museum has been good enough 10 
inform me that some work which he and Dr. G. P, Larwood have been completing has 
Jed rbcm to differ in some respect* from Lang'i amJ|sb of the cribrimnrph bryozaans 
which has been largely fallowed in this text. 
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In this strain tlic principal characteristic it the small aperture* but the other 
morphologic features were modified in parallelism with the main strain. 

On the other hand* the sequence from P T dm^tonensis to P T gyringidts re¬ 
sembles the main line in the development of secondary aviculoccia, but k is 
regressive in some other respects. For instance, the size of zooecia decreases 
and the number of costae decreases. 

Dccurtariu is a late offshoot of Pclmiitopora which illustrates the char¬ 
acteristic reduction in number of costae in the latest forms. Moreover* the 
second pair of secondary aviculoccia has appeared on the aperture. 

While species of Pclmatopora were evolving* species of Trsccphaiophora 
went through their evolution. Their characteristic feature is the presence of 
a tertiary wall which covers the costae like an apron, except for a single 
perforation* the fenestra. In the tw r o early forms the apron had hardly begun 
to appear and there is no fenestra. In 7 , ms tram and T_ triceps the tertiary 
wall covers about half of the costae and the fenestra occupies its normal med¬ 
ian position. From T. obducta through T. gtistroporn the fenestra shifted 
prosimally and became smaller- The end nf the scries was reached in T. 
trobinti, in which only one of the avieutoecia remains at the aperture* 

Figure 7,17 exemplifies how morphologic scries can be arranged in con¬ 
formity with stratigraphic occurrence and thereby lend support to interpreta¬ 
tion of the group as a truly evolutionary series. In addition* the illustration 
conveys an idea of the actual rate of evolution. That portion of the geologic 
column presented by the European stages of Coniacian through Maastrichtian 
corresponds to part of the Late Cretaceous, an interval of perhaps 25 million 
years* It appears that about i l /z million years would be required for the 
stabilization of each named species shown in Figure 7,17. The total duration 
of each species is not indicated on that figure, however. Most of the modifi¬ 
cations of chei]ostomes emphasize a fundamental problem of bryozoans as 
well as of most other creatures—to dispose of calcareous material in some 
constructive way 4 Many invertebrates seem to have entombed themselves in 
excessive deposits of calcium carbonate and to have evolved very slowly 
thereafter. Few other invertebrates have utilized increased amounts of cal¬ 
cium carbonate with as much versatility as have the cheilostomes. The general 
change of chemical composition of cheifostomes from chkinous through 
chitino-calcareous to calcareous is accompanied by remarkable adaptability 
and creativity. 

Typical Anasctna arc Illustrated in Figure 7.18.1-4, and typical Ascophorina 
arc shown in Figure 7.18.5-12, It is not always easy to recognize the ascopcre of 
these latter cheilostomcs because it resembles other perforations on the frontal 
wall. The Anascina are known from Medial Jurassic 10 Recent, and the Asco¬ 
phorina range from Cretaceous 10 Recent. Except for a few inhabitants of 
brackish water, all Cheilostomida are marine. 






5 






6 

PnriQQ fir#Wa 





OfstOpareUa 



7 

Smrlfina 


Tubu^e/kiria 



Trigunopwa 



ID 

Mic^oportffa 



u 

5ty \'opoirrP 



12 

Cdfapora 


7j d " ^nc C j*s AKflphsrira,. I, Wnc*Biiof«±*Mter, 14X (W*m, G*«S»>. 2. 

1J AmhI-5. *’ j iTi™ n . Maryland- J. fiemflaafla ml«b U r fl iw, 14*, Qli 9 «*n., Alatwi™. 
dasia eUenghria, 14X, i a rjXxana, Santa Damiasa, Thi aawurvlat ngian li ta lha 

4, 0 fK 9 por»_a »m _ ' , ^ Socani, Nanh Carallno, 4. Paripoit/aJfD pJano, MX 

“r ,f 3 - '^Z, MX. M»»«.. Nanh Catalina, ». Tabaka 

Calilamta. 9. Trigone fmra colli fiato with iimpl< i««.a and 
SttJZJES-t Santa Oamlnga. 10. etfota -111. ,in, 0 «apar^ 

lid rri™1a«^ 14? Celifsmin, 11. £f^p«a» -«* 

"tn: '.srs^ijsa,tsr i w«'Si»'«=■> 




Figur* 7.1?, Gtdogfc Diiirihutlan gf Sryozoe, 











































BftrOZOANS AND PHOR0NID5 


273 


Cheilostomida are thought by some authorities to have evolved from the 
Crypiostomida. Their zoaria are similarly constructed and some ehedostames 
have a tubular extension to the aperture which resembles the vestibules a£ 
cryplostomes. On the other hand, cheibstomcs may have sprung from a 
strain of chitinous cydostomes and only appeared in the Jurassic when sufh- 
dent calcification had taken place to enable them to be preserved, 

GEOLOGIC DISTRIBUTION OF BRYOZOA. Bryozoa arc exceed¬ 
ingly rare prior to the Middle Ordovician, although they have been found 
in Upper Cambrian sediments. They must have had an even more ancient 
history than that, however, because the several Orders are Well differentiai« 
at their first appearances. By the Late Ordovician the Bryozoa were very 
abundant, as in the vicinity of Cincinnati, Ohio, where then study in this 
country was first most seriously undertaken. There the trepostomes and 
stony cydostomes are so common that they spew down the slopes of almost 
every exposed hillside and are among the most conspicuous fossils. During 
the Silurian the Trcpostomida were joined by increasing numbers of Crypto- 
stomida, as is shown in the well-known bbstromes at Clinton New \ ork. 
Another flare of Bryozoa took place locally in the Devonian when both the 
trepostomes and the cryplostomes shared dominance. Devonian faunas of 
bryozoa ns are transitional between older and younger Paleozoic forms. 
Thereafter, calcareous Paleozoic rocks are strewn mostly with fcenestc lids 
but with only a few trepostomes. The Pitkin limestone (Mississippi) o 
Arkansas and Oklahoma, for instance, was originally named the Archimedal 
Limestone. After the extinction of the Trcpostomida and Cryptostnmida at 
the end of the Permian there was a dearth of Bryozoa until the Cydostomida 
reappeared in the Middle Jurassic. They continued to be important into the 
Recent, but were always overshadowed by the lacy Cheilostomida, even in 
Recent seas Tertiary cheilostomes are very unevenly distributed, there being 
many in sediments of the Atlantic Coastal Plain but essentially none in con¬ 
temporaneous deposits on the Pacific Coast. In England, the name o the 
Coralline Crag formation (Pliocene) was derived from the great abundance 
of Cheilostomida which it contains. 


PHYLUM X. PHORONIDA 

The phomnids (Fig. 7J0) constitute a small group of worm I ike animals 
which lie on the ocean floor, surround themselves with tubular skeletons oi 
sand grains, or inhabit burrows. When arenaceous tubes are built, a phoromd 
demonstrates remarkable selectivity in choice of dear grams of silica and 
rarely utilizes a dark mineral grain. The grains are cemented upon an inner 
chitinous sheath. No hard organic skeleton is present; hence these animals 
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arc unknown as fossils unless their burrows or tubes have been preserved. It 
is probably impossible to tell the difference between phoronid burrows and 
lhe burrows of some worms; therefore, sediment filled ferns! burrows, such 
as have been called Scotkfcas, have been referred to both kinds of animals by 
different authorities* 
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A phoronid has a pencil-shaped slender body a few centimeters (generally 
less than about 15 cm) long and about 5 millimeters in diameter. The oral 
end bears a spirally enrolled set of tentacles which are attached to a lopho- 
phore. The digestive system is organized somewhat as in Bryozoa and in 
some tiibkulous annelids, in that it is U-shaped and the anal opening is on 
the oral end but outside of the bphophorc, Phoromds are generally grouped 
near the Bryozoa because of these and lesser similarities with that group. 


QUESTIONS 


i. What feature may explain most readily ihc lack of fossil materia! which 
would clarify ihe problem of die origin of the Orders of Eryozoa? 
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3j What oihcr groups, STudicd so Ear, construct tubutar skeletons? How readily 
identified arc these kinds of creatures? 

3. If, as has been claimed, Families of Rryozoa should be defined on the basis of 
larval stages* then what attitude should a paleontologist have on iht problem 
of their classification ? 

What relationship is there between brown bodies and the Paradox of the 
Trepwamida? 

5. How have the Cheiiostocnida made effective use d£ calcium carbonate? 
b r Where would you put the break between the Anascina and the Ascophorina 
with reference to soft anatomy? Skeletal features only? 

7 What might acanthoporcs and mesopores have represented in the living 
trepostomes? 

5 , Why might specks of Bryozca make good index fossils? 

9, Why might Atthtmedet seem to migrate westward, in view ot general eircu- 
Ucion of oceanic waters in ihni hemisphere? 
id, How might Crypiostctnidft have evolved from Cyclostomida? From Trepo- 
stomida? 
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PHYLUM XI. BRACHIOPODA 

From time to time one group or another of fossil organisms has been es¬ 
pecially popular for paleontdogk studies, but the hrachinpnds seem to have 
been more consistently studied than have any other groups. More than 1200 
Genera have been recognised, of which 6S are represented by living species. 
Even in this lime of increasing specialization their elucidation continues 
to occupy the talents of numerous paleontologists whose primary interest is 
with other Phyla. Naturally, this continued interest is merely a reflection of 
the value of brachiopods in applied geology as well as in purely systematic 
studies. In particular, brachiopods are popular in paleontology because they 
generally provide well-preserved fossils; they are common; many of them 
can be identified From their external characteristics; there is considerable 
diversity of form; their species have reasonably short duration in time; and 
they range rather widely in geographic distribution. In addition h major ad¬ 
vances are being made in understanding the evolutionary history of brachio¬ 
pods; hence, systematic studies now promise to be unusually rewarding in 
the way that similar studies are for eephalopods, 

TH!F. LIVING ANIMAL. Brachiopods are bivalvcd organisms which 
generally live attached 10 some hard object hy a muscular stalk that protrudes 
from a hole in the posterior pan of the shell. A few brachiopods are free- 
living, although they merely He on the ocean floor, but others are cemented 
to the substratum in the fashion of oysters, and some burrow into uncon¬ 
solidated sediments. Although a few Recent brachiopods such as Lingula 
can tolerate brackish water, almost all fossil brachiopods are indicative of a 
marine environment. Moreover, a similar ancient distribution is indicated by 
associations of strictly marine organisms with, fossil brachiopods. Residents 
of North America rarely find a Recent brachiopod shell washed up on the 
beaches, but brachiopods abound in shallow water in the western and southern 
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Pacific Ocean. They are even said id be used as food in Japan, By one count, 
yi per cent of the Recent brachiopods Jive in less than 6uo feet of water, 
and almost all of the remainder live near the continental margins rather 
than in the deep sea. Dredging discovers myriad brachiopods clustered to¬ 
gether, such as off Southern California where bushels of La qs tens have been 
recovered in water about 200 to 300 feet (60-100 m) deep. In general, the deep¬ 
water forms arc thin-shelled and smooth, whereas the shallow-water forms 
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arc thick-shelled and may be ribbed, 

Brachiopods are hltcr-fecders; 
that Is, they circulate water be¬ 
tween their shells and strain out 
the microscopic organisms. They 
Therefore require a shell with a 
large volume ed contain an ade^ 
quaie filtering device and they 
need some sort of musculature to 
open and close the two vibes or 
halves of their skeleton. Brachio 
pods tend to be sedentary crea^ 
turcs because thdr shells must be 
thickest, heaviest, and most cum¬ 
bersome when they live in shallow 
water where the greatest food sup¬ 
ply exists. Even so* they have re¬ 
mained vigorous longer than have 
the members of most other Phyla, 

The soft parts which occupy the 
interior of a braehiopod shell can 
be divided into two portions. Some 
nr most of the interior of the shell 
is occupied by a large system of 

Huffy tentacles which arc borne on 

two fleshy arm!Ike cores, the whole apparatus being called the bphophore or 
brachia ( Figs. 8.1; 8.8). Cilia on the tentacle*create currents in the water which 
Bow toward the mouth. Moreover, respiration Si carried on by the bphophore. 

Behind the bphophore is the visceral mass, which is principally interesting 
because of its incredibly small size in proportion to the size □£ the enure 
shell. The mouth leads into a simple digestive track which has an anus in 
one group but which ends blindly in the other group. The anterior part of 
the nervous system encircles the digestive track. Some other parts serve 
light-sensitive functions. Excretory functions are carried on by one or two 
pairs of nephridia. Although a tiny heart is present, the circulatory system 
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U rudimentary. Sexes are separate. Very early development of larvae of some 
Recent brachiopods is passed within the shell of the female. After leaving 
a brood chamber the larva passes through a trochophorelikc stage and then 
fastens itself down on the substratum by its pedicle. The total free living 
period lasts only about one day. There is then a metamorphosis of the larva 
in which two flaps of tissue,, the mantle lobes* swing forward to enclose 
the main part of the animal as if in a shell. One of these mantle lobes de¬ 
velops into the two mantles which eventually secrete the shell and then per¬ 
sist through life as the fleshy internal lining of the shell- 
Secretion of a shell by the mantle starts soon after the larva becomes seden¬ 
tary. This minute circular shell is the protegulurm It grows by progressive 
addition of shell substance around the margin and over the inner surface 
until the mature shape is achieved. Even elongate, transverse^ or conical 
shells start out with a circular protcgulum. To many authorities this feature 
indicates that adults of the primitive group from which brachiopods arose 
must base resembled a protcgulum. Although mantles are thin, they consist 
typically of two sheets of tissue between which are located Inhale extensions 
of the body cavity called pallia! sinuses. Sex glands are located in branched 
extensions of the pallia! sinuses of some brachiopods. In those brachiopods in 
which the pallial sinuses are impressed into the inner surfaces of the valves, 
the patterns ( pallial markings and ovarian impressions) they make are useful 
in classification (Fig. 8,2.2, j)+ Another function of the mantle is to secrete 
tiny chitsnous spines, the setae (sing, seta), which are embedded in the edge 
of the mantle and protrude beyond the margin of the shells of some brachio¬ 
pods (Fig, 84.2-4). Their purpose is, at least in part, to assist inarticulate 
brachiopods such os Lingula to move and to burrow into sediment. It is 
true that most linguloid* burrow "tail first" by means of their pedicle, but 
they also may burrow "head first 11 by a combination of sliding action of the 
valves and use of setae* Setae may be indicative of a relation between brachio¬ 
pods and some annelid worms, because these are the only two Phyla in which 
setae are embedded in soft tissue, 

COMPOSITION, Chemical composition of brachiopod shells varies bur 
falls into two great groups. The most primitive shells arc more chili nous and 
phosphatic than are the shells of advanced forms. Those with phosphatic 
shells, for instance, consist of 25 to 42 per cent organic substance combined 
in layers or in intimate mixture with mineral matter. The mineral matter 
alone may be composed of 75 to 92 per cent calcium phosphate and as much 
as 11 or 12 per cent calcium carbonate. On the other hand t those with 
calcareous shells contain about 5 per cent organic substance in the shells and 
the mineral matter is composed of about 98 per cent calcium carbonate and 
of only very little calcium phosphate. It is very probable that brachiopods 
weather out of rocks so nicely because the chitinous and phosphatic sub- 


BRACHIOPODS 


2il 

stances which may be present arc less soluble in water than is calcium 
carbonate, 

ORIENTATION- In common parlance the brachiopods are often re¬ 
ferred to as “lamp-shells,^ in allusion to their resemblance to the oil lamps 
of antiquity with iheir spout! ike supports for wicks. The tact is* however, 
that brachiopods grow into a variety of shapes, some of which are hardly 
recognizable as being bivalves at alk I he form [or which die appellation of 
lamp-shell is appropriate is exemplified by Recent brachiopods such as 
TcrthraUda* which are ovate in outline, no matter how they are viewed. 
Many Paleozoic brachiopods, such as Spirifcr* were articulated along a hinge 
line, the length of which is greater than is that of the anterior-posterior 
dimension. The classic chitmo-phosphaiJc brachiopods, such as species of 
Lingula, are tongue-shaped or spaiulate, but some of their relatives are more 
or less circular. Among calcareous shells, triangular, semicircular, quadrate* 
and V-shaped outlines arc common; and bivalved shapes range from lenti¬ 
cular to hemispherical, spherical, cuboidal, and conical. Probably the most 
bizarre are Richthofenia and its allies in which the conical ventral valve is 
cemented to the substratum and guyed with oblique props like Archimedes 
and some corals. Moreover, the coralline shape of this brachiopod is enhanced 
by the reduction of the circular dorsal valve to the status of an inconspicuous 
operculum lying below septumlike spines around the aperture of the large 
ventral valve* 

Two schools of thought exist as to how to designate the two valves of 
brachiopods. According to one school the large valve from which the pedicle 
protrudes could be called the ventral valve* whereas this es called the pedicle 
valve by other specialists. The other or dorsal valve is called the brachial 
valve by most specialists now because the lophophore or brachia is attached 
to it. For a time it was thought that dorsal and ventral might have been 
confused in the terminology of some brachiopods, but recent embrynlogic 
studies fortunately have stabilized the long-term usage. Pedicle valves arc 
primarily characterized by the presence of the opening for the pedicle, and, 
otherwise* by the large size and by the rather general presence of a broad 
depression, the sulcus* which indents the anterior portion of the valve (Fig- 
8.104a). Brachial valves are smaller than pedicle valves and bear a fold or 
raised area corresponding with the sulcus of the pedicle valve (Fig, 8.10.4a), 
It is customary to speak of the anterior-posterior dimension of brachiopods 
as the length* the distance in the direction of the hinge line as the width* 
and the dorsal-ventral distance through the two valves as the thickness. 
The pointed posterior extremity of a valve is the beak. Valves of many 
brachiopods are more convex for a short distance just anterior to the beak 
than they are in the anterior halves of the valves; that is, the radius of 
curvature of the surface is shorter near the beak than near the anterior edge. 
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This hump like raised area of indefinite extent is called the umbo (pi. 
umbo ties). 

MUSCULATURE, Valves of articulate braehiopods interlock by teeth 
and sockets, whereas valves of inarticulate braehiopods lark teeth and sockets. 
The fundamental difference between inarticulate and articulate braehiopods 
is reflected not only m the construction of the articular devices of the shells, 
but also in the nature of the muscles which open and close the valves. More- 
over, modification of position and size oE muscles have to be coordinated with 
changes in proportion and function of shells in all groups- therefore systems- 
dsis rely upon musculature for assistance in classifying all kinds of brachio- 
pods. Naturally, muscles decompose upon the death of the animal, but their 
impressions (muscle scars) in the shell substance leave characteristic patterns 
over the areas of insertion (Fig, ib). Musculature has been worked out 

for several Recent braehiopods* so it is possible to demonstrate homologies 
with muscle scars in ancient forms. In interpreting position of muscle scars 
it is necessary to relate scars to age of shells because the scars move anteriorly 
and inwardly during growth and leave muscle tracks as evidence of the 
history of these changes* 

Inarticulate braehiopods arc equipped with numerous pairs of muscles, 
some of which are normal to the inner surfaces of the valves and some of 
which are oblique (Figs. 8.1; 8.4.5). Valves are opened by contraction of 
muscles near the beak and relaxing muscles farther forward, which forces 
fleshy tissue forward and causes the valves to gape along the anterior margin. 
Closure is accomplished by contracting all of the muscles. In the absence of 
teeth and sockets^ the oblique muscles serve to adjust the two valves into 
nicely opposed position, very much as iE these muscles were the crisscrossed 
mooring lines between a ship and a pier. This characteristic sliding action of 
the valves of marticulates also enables the creatures to shift their valves over 
the sea floor or to burrow into soft sediment. In general, musculature of in- 
articulates evolved from many to fewer pairs of muscles. Unfortunately, 
muscle scars are very hard to detect on inarticulate valves. 

Articulate braehiopods, on the other hand, very generally have well-defined 
muscle sears which are useful in identification (Fig. Sa). An articulate opens 
and closes the shell by movements of the brachial valve as if it were a simple 
lever whose fulcum is along an imaginary line connecting the two sockets. 
The valves are brought together by contraction of adductor muscles, one end 
of which is attached to the long arm of the lever (that is, anterior to the 
sockets) t and the other end of which is inserted on the floor of the pedicle 
valve at a corresponding position anterior to the teeth. Adductor muscles are 
paired* so there arc two adductor muscle scars in the pedicle valve. As the 
adductors ascend toward the brachial valve they each split into two strands; 
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hence, the brachial valve bears four adductor scars. The brachial valve is 
opened by contraction of a pair of slender diductor muscles which are at¬ 
tached to the posterior end of the brachial valve where it extends behind the 
sockets to form the short arm of the lever system and are attached to the 
floor of the pedicle valve alongside the adductor muscles. A slight contrac¬ 
tion of the diductors causes the posterior end of the brachial valve to dp 
downward and creates a considerable gape at the opposite end of the shell 
as the anterior margin of the brachial valve rises. The diductor musdes each 
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divide into two strands in the same w r ay that the adductors do p but the whole 
area of attachment is so small that one rarely can observe any distinct scar 
pattern. Instead h the extreme posterior portion of the brachial valve is modi¬ 
fied into a specially designed extension called a cardinal process on which 
the four delicate strands are attached (Fig. &_}). Cardinal processes generally 
extend veil Lolly aw r ay from the brachial valve, which is to say that they ex¬ 
tend down into the space bounded by the pedicle valve* Most cardinal 
processes are small granules or ridges, but a few r are shafts or blades with 
two or three prongs on the end. Inasmuch as diductor musdes ascend at a 
very acute angle toward the brachial valve, the cardinal process provides an 
inclined surface for the most advantageous attachment of [he muscles and 
also increases the force with which the valve is opened by increasing the 
length of the short arm of the lever. Diductor scars on the pedicle valve arc 
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characteristicslly larger than arc the adductors and tend to enclose the adduc¬ 
tors, It must he emphasised that the central portion of each valve bears four 
prominent scars, but those in the brachial valve are all adductors* whereas 
two of those in the pedicle valve arc adductors and two are diductors. 

Those brachiopods which have a functional pedicle adjust their position 
upon it by two sets of muscles. The single protractor muscle retracts the 
pedicle, hs star is located in the umbo of the pedicle valve posterior to the 
main muscle field. Adjustor muscles which occur as a dorsal pair and as a 
ventral pair rotate the shell about upon the pedicle. Their Liny scars are some¬ 
times apparent behind the diduaor scars on the pedicle valve and behind the 
outside adductor scars on the brachial valve. If accessory diduaor muscles 
are present {as most commonly found in some post-Paleozoic brachiopods) 
their scars will be located in continuity with and just posterior to the adductor 
scars in the pedicle valve. No muscles such as those which perform the sliding 
actions of inarticulate shells are present. 

CLASSIFICATION- It presumably is apparent to the reader by now that 
brachiopods can be divided into two very different groups on the basis of 
composition! articulation, and musculature. In fact* these two groups diverge 
so much that there is almost no reason to discuss additional morphologic 
features except as they apply to one or the other group. The situation is 
analogous to that among some Vertcbmta* for there is as much difference 
between inarticulate and articulate brachiopods as there is between birds and 
mammals. Accordingly, the Phylum Hrachiopoda is divided into two Classes, 
the Inartkukta and the Articulate. 

Class A. Inarticulate 
Order i„ Aurcmida 
Order 2. Neottemida 

Class A. Inarticulate* 

The Inarticulate arc mostly chitino-phosphatic shells* although a few arc 
calcareous. Their principal characteristic is the absence of teeth and sockets, 
as a result of which they utilize a complicated musculature for keeping the 
valves in precise opposition. Their soft anatomy (Fig. 8.1} is characterized by 
the presence of an anal opening. Embryologkally they differ from articulates 
in producing the pedicle from a different region than do the articulates. 

Shells of brachiopods with a high percentage of phosphate and chitin arc 
formed in two ways* If the two materials arc present in alternate layers 
(Fig. Sjfi.i), the shells tend to exfoliate readily, whereas if the chitin and 
calcium phosphate are mixed* the shells tend to be more solid. Some shells 
are almost entirely chkiuous and others are phosphatk. 
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Skeletal supports for the lophophorc arc absent in inarticulatcs, as arc most 
other internal skeletal structures which occur so commonly among the ar¬ 
ticulates, Ornamentation commonly consists of weak concentric growth lines. 
The two Orders, Atremida and Ncoiremida, are differentiated on the basis 
of the nature of the pedicle openings- 

Order 1 * Atremida 

This Order contains marticulates in which the pedicle opening is shared 
by both valves or is a slot in the ventral valve, but never passes through a 
hole or pedicle foramen (Fig. 8^). Atremida means “without hole. 1,1 Early 
stages in the progressive incorporation of the pedicle within the lower or 
ventral valve* such as can be detected in Genera of Atremida, are thought to 
represent a major evolutionary trend among bradhiopods. Ornamentation 
generally consists of growth lines only. 

Grains is a small circular form (Fig. 8+t) which epitomizes the simplest 
stage of brachiopod development. Some observers think that the oboloid 
brachlopods represent the stage represented in the protegulum of more ad¬ 
vanced forms. Oboloid btachiopods occur in Prccambrian strata as well as 
in Paleozoic rocks. 

By far the most common atrematous brachiopods are referable to Lingula, 
a Genus of tongue-shaped or spatuhtc shells which is supposed to range 
from Ordovician (some say Cambrian) to Recent (Fig, 8.4.2 4). If this range 
is correct, then Ungula has lived longer than any other Genus of living 
creatures. Linguloid brachiopods are represented commonly in many parts of 
the geologic record. They commonly are the only fossils found in some strata. 
Living representatives select foul mud as sites for their burrows, and many 
ancient populations are found in black shales, but fossil linguloids a bo occur 
in coarse-grained sandstones. Their simple unornamented shells normally are 
devoid of detectable muscle scars; hence, Ufigttla and its close relatives are 
very difficult to identify. This abundant group is almost worthless in strati' 
graphic paleontology, except that they indicate a brackish or marine en- 
vifonment, 

Trimer etia is an unusual Silurian Genus with calcareous shells and a raised 
muscle platform in the ventral valve (Fig. 8,4,8, 5), 

Order 2. Neotremidc 

The Neotremida are inarticulates in which the pedicle has become confined 
to the ventral valve, even though it may not pass through a circular pedicle 
opening. Neotremida are equipped with an arched cover (homoeodeludium) 
which partly closes the pedicle opening. Neotremida arc rather characteristi¬ 
cally circular in plan view with one flat valve and one conical valve, although 
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in different group cither the ventral or dorsal valve may be the conical one. 
Thdr shell composition is mostly chitino-phosphatlc, as in the Atrcmida, 
Fiitmntf is a common Cambrian Genus with concentric ornamentation and 
a shape resembling the prategulum stage of many branchiopods. Poterina 
has been considered by some paleontologists to be the most primitive known 
brach toped. 

Schizambon (Fig. 8.5^) resembles Obohis and some of the linguloids 
among the Atrcmida except that it has a very small pedicle opening. 
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Siphofiotnrij a ltd Trcmat&b&los (Fig- 8.5-2, 3, 5) arc further com plica ted by 
the presence of an internal tube or sheath leading up to the pedicle foramen. 

Several stages in the development of a pedicle foramen seem to lie detecta¬ 
ble in a morphologic scries starting with Schizocratth from the Ordovician. 
It has a broad open slot through which the pedicle extended (Fig. ^,5.7). In 
Lirtdstrotmcttfi (Devonian to Pennsylvanian) the sides of the slot have 
grown together near the outer margin of the valve (Fig. 8.5.8). Finally* in 
Orhiciilctidca (Ordovician to Permian) the marginal area has become fused, 
and a pedicle opening is left near the apex ol the conical ventral valve (Fig, 
8,5.9), The inner or apical portion of this kind of pedicle opening may be 
pan tally closed by a special plate, the listrium, in somewhat the fashion that 
the pedicle openings of higher Orders of brachiopods arc closed- 

The calcareous group of ncotremates is typified by Pctrorrania, which 
ranges from Ordovician to Permian, It is constructed more or less in the 
same way as the foregoing shells, but lacks ;=i pedicle opening and instead is 
cemented down by its Hat ventral valve. The so-called craniate brachiopods 
incrust solid objects contained in many Paleozoic strata and may show a 
distinct preference for a particular substratum such as crinnid stems, large 
brachiupod shells* or corals. Moreover, members of the same species can 
demonstrate the most remarkable ability to copy the ornamentation of dif¬ 
ferent underlying surfaces in their own architecture. (Fig, 8,5,11* 12)* 

Class 8, Articulate 

The Articulata characteristically secrete calcareous shells with teeth and 
sockets, and they utilize a diagnostic musculature for opening and closing 
the bra chid valve* In soft structure they differ from inarticulates In the 
absence of an anus. Moreover, in their larval development they undergo a 
metamorphosis which is lacking among In articulata. The pedicle among 
articulates originates from die posterior segment of the larva instead of 
from a mantle lobe. 

Articulates are differentiated among themselves on the basis of shell struc¬ 
ture, shape* ornamentation:, nature of the hinge region* and on internal 
features, almost all of which arc not represented among Inartitulata. An 
especially important structure in several groups is the brathidium, which is 
a calcareous support for the lophophore. 

Most of the common and paleontologically significant brachiopods are 
articulates. 

SHELL STRUCTURE. Calcareous shells are formed in three ways, the 
discrimination of which is absolutely necessary for the accurate identification 
of most species. Impuuctaic shells consist of an outer organic layer, the 


1 c 



Palermo 







rtcr Qtfeta 



^ffrzajnbon 




LindsrrcameJJa 


Diicinrica 


Paffocronjo 


figure Qi, Nralr*mTdn. 

Is, lb, 1*, apical, fide., and poiferior yibwi nf vcrtliaF vaE** of Pn^ma WJg, ilOX, Law*r 
Cajnhfian, ^nn^lrgnjg, 2, 9. Pldidl volvil of Sip^nfl/fila ipp. r Cambro-Qidovkion r fju»io, 
2 h exterior, 3, ptdkl< ili»aih end moicf* wa#* 51 op*? o( intnier of p«dklt mlw, aboirl 

5X- 4. £jcfiriw of ptdid* *s5v* af 5tAixoml»n fypkolji, 4JS P Ordowicion, Nevada. J, Pedicle 

ihnalh in Inferior of p*dkl# VflF t* oF Tx* miirabaFLii p^i *rg-«?S, 2K, Cofn'tarian, Nova Scalia. 6. 
EcEBriof of pedicle YOlv* Of Acrn^B'n genmulo, BX, Carntman, Nova Scalsa. 7. £jit*rmr of 
pad id* val*e af Sc bi-iacr 0*1 i □ fiteia, 1 1 iK, Ordpvjcian, BOilAfit sFaln. B I: xlBri.gr of podkte 
yalv* of i.rrtrfsfrD*inBJF-n cplprdiam, 1 /2X, Oevonipn, N«w Vo-rfc- 9. EilBrior of ptdid* vel*# O-f 
Ortiei/fflidia mkipufitnti'i, S5C, P*nnnfWnion H widtipnM(j. TO, InKlifff of br^iof volv# of 
X>j«rflp££a Fugifbnii, IX, MicEflif, Wqiflgnd, II. $ffviial HOibrOia infilling * 

^ f insid column. JJf, O^mician, Konlocky. 12, Several KSbJaiO PflCfuJling ffdiritkjvjpD 

O^BrnofOr IK, Ordovician. |U ninety, 

il * after Wokof!. 1912, 7, a. IT, 12 offer Hall and Clarke. lfl«. 9 aFfer Dunbar and 
Condra, 1932. 10 offer Clorfc *t al. H 1904.) 




290 


INVERTEBRATE PALEONTOLOGY 


perioitracum, and of two kinds of underlying calcareous layers which may be 
repeated in several Layers. If two Sayers are present, the outer calcareous layer 
consists of laminated calcium carbonate deposited like shingles In a roof 
so that successive plates overlap toward the margin in the same way that 
shingles overlap in successive mws up the pitch of a roof. The innermost 
calcareous layer is shingled like the laminar layer but the plates consist of 
prismatic calcium carbonate. Impunctate shells are known in strata from the 
Cambrian to the Recent. Their basic structure is known among the inar- 
ticulates (Fig. 8 .( 5 .i) as wcl! as among the articulates. 
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Punctate shells (Fig. 8^.3) consist of the same layers is Lire present in the 
impunctate shells, hot the shell is traversed by microscopic tubules, the 
punetac (sing, pimeta). These are mostly the spaces occupied in life by 
cylindrical microscopic columns of fleshy material (the caeca, sing, caecum) 
extending up from the mantle; but some punctae seem to originate from 
the exterior and extend down into the shell; therefore they cannot have 
arisen from the mantle. If punctae traverse the valve completely or are of 
the exterior variety (cxopunctac)* they arc readily visible on the surfaces of 
the valves. On the other hand, those caeca which traverse only the inner 
part of the valves produce endopunciae which are not visible on the surface. 
In this case it is necessary w dissolve or grind away a little of the surface 
of a shell in order to reveal punctae, Fortunately, many shells exfoliate in 
such a way that endopunctae are exposed when shells arc cracked out of 
their matrix. Endopunctae are known from rocks as old as Chazy, whereas 
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exopunctae firs! appear a little later in the Media] Ordovician. Punctae can 
be seen in many shells with a hand lens, but in others a microscope or even 
preparation of thin sections may be necessary in order to reveal them. Their 
sizes and patterns are variable, although not much use has been made of 
these minor differences for classification. 

Pseudopunctatc shells (Fig. 8j6.2) seem at first glance to be punctate, par¬ 
ticularly if only the surface is viewed. As a matter of fact it may be necessary 
to prepare chin sections tangential to the surface in order to show that dots 
which appear to be punctae are actually solid substance instead of voids 
formerly occupied by caccae of the mantle. Longitudinal sections demonstrate 
clearly that pscudopunctae arc rods embedded in the shell substance. The 
rods arc the lower ends of minute external spines which commonly are 
broken off at the surface of the shell and thereby leave stumps which falsely 
resemble punctae. Pscudopunctae are known from the Early Ordovician to 
the Recent. 

SHAPE. The normal or generalized shape of brachiopod shells Ls such 
that both valves are externally convex and the pedicle valve is the larger of 
the two. These are the biconvex shells (Figs. S.n, 8.20) * Modifications of 
shape commonly affect the brachial valve more than the normally convex 
pedicle valve* with the result that brachia] valves may be flat in plano-convex 
shells (Fig- 8.10,2, 3) or depressed to displace some volume of the pedicle 
valve in concavo-convex shells (Fig. 8,17^ 3). It will be noticed from the 
foregoing linguistic constructions that the shape of the brachial valve is 
stated before that of the pedicle valve in each compound term. Although the 
pedicle valve is usually convex, it is flat or concave in some strains which 
therefore have tonvexo-pbnc or convexo-concave shells respectively. Shells 
of other brachiopods are initially concavo-convex near the beaks but then 
their curvature is reversed abruptly and becomes convexo-concave in their 
anterior portions; these are resupinate in shape (Fig. 8.174), Shells with the 
foregoing shape but in which brachial and pedicle are reversed arc 
pseudo resupinate. Finally, some odd shapes of conical or irregular shells are 
known. 

Shell shape is paleontologically valuable in two ways. First, unusual shapes 
such as resupinate or conical are rarely encountered and thereby enable rapid 
recognition of a fossil. It is by recognition of the unusual or abnormal features 
that many excellent guide fossils are established. Moreover, the unusual 
species generally are more readily identified than arc their more conven¬ 
tionally constructed relatives. Unfortunately, brachiopods are notoriously 
repetitious in duplicating the same shapes in unrelated strains and at various 
times in the geologic record; that is, they are prone to evolve in convergent 
patterns. Second, either the brachial or the pedicle valve may be concave; 
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hence two evolutionary trends arc possible, F_ath trend consists of the same 
consecutive stages and culminates in the appropriate resupinate dt pseudo- 
resupinatc shape. No small generic group goes through alJ of the stages bc^ 
tween biconvex and resupinatc (or pseudo resupinaic), but various presumed 
genetic strains pass Lhrough part of the sequence in their history; and dif¬ 
ferent strains may pass through the same stages at different times. Although 
the same sequence of changes affects creatures with different shell structure 
(impuiictate, punctate, and pseudo punctate) + it is only the pseudopunctate 
shells which achieve the highest degree of resupinate and pseudesresupinate 
modification. Convergence of shapes of brachiopods presents an intricate 
pattern in time and in evolution; therefore differences in shape are of im¬ 
portance in identifying brachiopods. 

It is customary to illustrate brachiopods by orienting the posterior or the 
dorsal aspect toward the upper edge of the page a* the case may require* 
even though this violates the normal rule for orienting the illustration of an 
animal so that the anterior is toward the top of a page. 

ORNAMENTATION. Identification of brachiopods is greatly facilitated 
by the presence of ornamentation. Those few forms which are completely 
smooth are apt to be difficult to identify from external features because they 
are either in articulates or are of the common lamp-shell shape. Even the latter 
generally bear a sulcus and fold- hcncc they may be said to bear ornamenta¬ 
tion of a sort. Incidentally, the use of "‘ornamentation" has come to imply 
all sons of surface modification rather than merely the seemingly decorative 
features. It is presumed that all of these features had some function during 
the life of the anima] and that purely decorative design did not prevail. It 
is not known that vanity can be attributed to any invertebrate and to any 
but a very few vertebrates. 

Ornamentation of brachiopods falls into two groups, the concentric and 
the radial The simplest ornamentation consists of growth lines* which rep¬ 
resent the successive increments of shell material which arc added around 
the margins of the valves. Lamellae (sing; lamella) are overlapping con¬ 
centric frills which may extend out a millimeter more or less from the shell 
surface. Large skirtlike lamellae are frills (Fig. 8.15,3), Lamellae may be 
frayed along the outer edge to produce spines, and these may be simple or 
may be paired like bands of a double-barreled shotgun (Fig. &i5<ia). All 
of these delicate hmellose and spin ore features normally arc broken off or 
eroded away when brachiopods become separated from their matrix. 
Brachiopods may also bear fine concentric ridges (fila; sing. Elum) or coarse 
ones (rugae; sing, ruga; Fig. S.1S-14), 

Radial ornamentation is more useful than is concentric ornamentation in 
identifying brachiopods. In a sense the fold and sulcus comprise conspicuous 
radial ornamentation which becomes integrated with less pronounced radial 
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ornamentation in some forms. The finest radial ornamentation consist* o£ 
raised Lh read I ike ridges called costella (sing- coitellum) which arc analogous 
to the fib of concentric ornamentation (Fig- 8.11-3. 4)- Most radial ridges 
which arc 1 millimeter or less in height are called costae (sing, costa; Fig. 
8 r u.i, 2). Very coarse radial ridges are called plicae (sing, plica) because 
they resemble pleats of the shell substance (Fig. S.11.6). 

Special ornamentation, such as large curved spines, is present in the Late 
Paleozoic product ids. These spines served to fasten shells to the substratum. 
Finally, concentric and radial ornamentation may be combined in various 
ways. Growth lines, for instance, cut across the radial ornamentation, but 
when rugae and costae of equal strength intersect in netlike patterns the 

shell is said to be reticulate (Fig. $.18.14, l( *)- 

CARDINAL MARGIN. The cardinal margin of a brachiopnd is that 
part of the shell connected with and posterior to the imaginary hinge line 
(Fig. 8.7.4, 5)' h consists of the articular regions of both valves and of the 
pedicle structures of the ventral valve. 

The most readily visualized structures of the cardinat margins are present 
on transverse shells which articulate along straight margins, such as in 
Spirifcr (Fig. 8.13.7-9) either than on rostrate shells with little or no straight 
margin of articulation, such as in the terebratuloids (Fig. 8 jo). It is very 
likely, however, that rostrate shells gave rise to transverse shells, if any sig¬ 
nificance is to be attached to relative time of occurrence of the two forms in 
supposed developmental series. 

In the pedicle valve the hinge line coincides with the anterior edge of the 
cardinal shelf, which overhung the visceral mass somewhat in life (Fig- 
87.2). The external surface of the cardinal shelf is the mtcrarea (or the 
cardinal area). In eases in, which the midregion of the cardinal shelf is in¬ 
dented by a triangular notch called the delthyrium, there arc naturally two 
symmetrical mterareas. Interarcas are generally triangular because the pos¬ 
terior margin of the valve slopes down from the beak to meet the outer ends 
of the hinge margins at the cardinal extremities Interareas may be flat or 
curved and may be parallel to the plane of commissure or inclined to it as 
much as, or even more than, 90 degrees. In the latter case the beak of the 
pedicle valve overhangs the Limbo of the brachial valve. Features whic 
make interpretation of the lamp-shell kind of brachiopods difficult are as¬ 
sociated with having small interareas or none and consequently reduced 
hinge margins; also, the mterareas may curve laterally as well as dorse- 
ventral|y to merge insensibly with the lateral slopes of the pedicle valve. 
Interareas may bear distinctive striatic n., or hinge margins may bear a row 
of small toothlike nodes in denticulate shells {Fig* 8-17.7, 8)> Both of these 
modi float ions of the cardinal shelf facilitate identification* 


294 


INVERTEBRATE PALEONTOLOGY 


Grail systematic importance is attached to modifications of the delthyrium. 
During life it not only provided for passage of ihe fleshy pedicle, but it also 
enabled the cardinal process and the posterior tip of (he brachial valve to 
swing vent rally when the dsductor muscles contracted. Accordingly, changes 
in habit of attachment and in the h ingoing of the two valves are reflected 
in die appearance of ihe delthyrium* Although a delthyrium may be an open 
perforation in a fossil specimen, it is possible that some sort of calcareous 
cover (deltidium) was present in life (Fig. 8.74). A deltidium may consist 
of a single tiny plate or of two or three places. Apparently the two conditions 
are very remote genetically, because the single plate arises during embryonic 
stages, whereas the compound plates arise posternbryonicafly. In the case of 
the single-plated deltidium (sometimes called a pseudodeltidium), the plate 
was located on the ventral or beak side of the pedicle; as growth of the 
plate progressed, the pedicle was crowded toward the base of the delthyrium 
(Fig. 8.74)1 At the same time the deltidium tended to fuse with the lateral 
margins of the delthyrium and to connect the two intcrareas with a flat or 
convex hoodlihe structure. It is thought that progressive stages in the growth 
of deli id ia have evolutionary .significance in various strains of brachiopods. 

In the case of deltadia consisting of more than one plate, the commonest 
form has two liny plates which gresw together and eventually fuse with each 
other as well as with the margins of the delthyrium. When they are separate 
they are discrete (Fig. 8.7.7a), whereas they are conjunct when they just 
barely meet (Fig, 8,7.7b) and arc fused in their most advanced condition 
(Fig, 8+7*8) * Even when they arc fused their presence and number may Lie 
determined by sutures, grooves, or micrMrnamentatiuit. Compound dckidial 
plates may meet and seem to crowd the pedicle away from the apex, or 
toward the apex, or the pedicle may be grasped on all sides in a median 
position in ihe dclihyrium. If a third dehidial plate is present, it lies along 
the base of the delthyrium and serves as a base on which ihe two upper 
plates stand. 

Very strangely, the pedicle opening in some brachtopods has migrated 
entirely out of the delthyrium and occupies a position entirely within the 
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substance of the beak of the pedicle valve (Fig, 8.7^9)* It seems that the 
position of the pedicle is governed by major biologic requirements and is 
therefore of more than ordinary taxonomic importance. 

Additional special terminology is available to those wishing to describe 
external features of the cardinal margin with more precision, as in. Cloud, 
1942, and Schuchcrt and Cooper, 1931. 

Brachial valves of some brachinpods also have interareas (Fig + 8.7-4)+ but 
they arc generally much smaller than are those □£ the pedicle valve, and the 
dorsal beak, if any, rarely overhangs the interarea as the beak does on many 
ventral valves, 

VENTRAL INTERIORS. Most modifications of the interior of pedicle 
valves seem to he associated with two requirements—the support of the 
cardinal shelf and the separation of musculature from the digestive region. 

Primary articulation in this Class is by means of two teeth and two sockets. 
A tooth is located where each side of the ddthyrium intersects the hinge 
margin (Fig. 8.7.1). Naturally, contraction of the muscles when the brachial 
valve was opened and closed would exert a downward strain on the cardinal 
shclE because it exiends forward from the convex or main ventral portion of 
the pedicle valve. The cardinal shelf is supported in numerous articulate 
brachiopods by a pair of flanges or plates which extend from where the inner 
edges of the cardinal shdf terminate at the dcUhyrium, down to the floor 
of the pedicle valve. These are the dental lamellae (Fig. 8.7.1, 2). Their 
strength+ the distance they extend anteriorly from the cardinal shelf, and 
their angle of divergence are significant. In some cases the little tetragonal 
chamber they delimit beneath the dclthyrium is filled with sdcrcnchyme to 
form an apical callus (Fig. 8.7.3). Otherwise., the apical chamber is open 
where the pedicle and the diductor muscles passed through it, hut the rest 
of the visceral mass probably lay on the outer sides of the dental lamellae. 
Presumably, the dental lamellae had considerable selective value in evolution 
hecause they are prominent features in advanced stages of many strains of 
brach iopods. 

The most common feature of the interiors of pedicle valves is a median 
septum which extends forward from she apical chamber along the mid line 
of the valve (Fig. 8.7.1). Septa may be so low as only to warrant being 
called li median ridge, or they may rise through almost the entire thickness 
of the valve. Their anterior extent and the possible presence of a tiny perfora¬ 
tion through them near the apical chamber are both important in classifica¬ 
tion. Less commonly, a pair of lateral septa may be present. The median 
septum passed between the two adductor muscles (and in some cases, the 
diduciors* too) and may have helped to keep the strands of the adductors 
separated when median septa were very high. Even so, the advantage of a 
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median septum is not apparent. It may have served to strengthen the pedicle 
valve, like the inner keel on a ship. 

Some of the most singular features of brachiopods arc connected with 
building muscle attachments up above the floor o£ die pedicle valve. In the 
simplest condition the adductor and diductor muscles arc attached a short 
distance anterior to the digestive region. In this position the dorsally directed 
strands of the muscles pass among the arms of the lophophore and partially 
obstruct the month region. Moreover* the reproductive glands and vascular 
sinuses detour around the areas upon which the muscles arc attached. It is 
no wonder* then* that several strains of brachiopods evolved along lines 
which led to rearrangement of these conflicting structures. One solution was 
to raise the adductor and diductor muscles upon moundlike platforms- In 
this position there was less interference of diductors with die dorsal region 
of the visceral mass, but not much improvement was evident unless it enabled 
advantageous positioning of the diductor muscles. 

The more complex, but apparently most successful solution involved in¬ 
sertion of muscles upon a false floor raised above the inner surface of the 
pedicle valve. Any structure of this sort in articulates is called a spondylium. 
In its simplest form the spondylium consists of the two dental lamellae which 
have converged along the midline of the pedicle valve to form a V-shaped 
chamber, the keel of which extends out on the floor of the valve a short 
distance. Commonly* however* the spondylium is supported by the median 
septum to form a spondylium simplex (Fig. 8,12.3) or * s supported upon a 
pair of septa to form a spondylium duplex (Fig. S.iaad* 43). Spondylia ap¬ 
parently were advantageous because they enabled better separation of etiduc- 
tor muscles and digestive organs* provided freedom for continuation 
anteriorly of soft parts, such as generative organs, increased the strength of 
shells and provided support and protection for the posterior strands of the 
diductor muscles. The structures arc present in different strains of articulates, 
and an analogous structure (which originates without presence of dental 
lamellae) is even known among some Atremida, such as the Silurian 
Trimcrdla (Fig. 8.4.8). The appearance of true spondylia, however* coin¬ 
cided with the development of complete dental lamellae in the Late Cam¬ 
brian. According to one interpretation the spondylium is primarily an area 
of muscular implantation which arose from forward growth of the denial 
lamellae. According to another theory die spondylium arose primarily as a 
shelf over part of the viscera as the muscle tracks moved anteriorly and 
dorsally during enlargement of the valve and Lhereby overrode soft tissue* 
as it were. If the seemingly nonhomologous platforms of forms such ax 
Trimcrrlla are eliminated from consideration, then the two theories can be 
used conjointly to explain origin and function of the spondylia. 

DORSAL INTERIORS* Interiors of brachial valves are modified in al- 
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most exact parallelism with those of the pedicle valves. In addition, the 
brachial valve is characterized by its unique supports for the lophophore just 
as the pedicle valve is characterized by singular modifications associated with 
the pedicle opening. All of the internal features in the posterior part of the 
brachial valve are termed the cardin alia. 

Sockets are located near the margin of the valve (Fig. 8.8.1). That central 
region between sockets may be partially or completely roofed over by one 
or more plates which together are referred to as the cardinal plate. If the 
plates do not quite meet along the median line the plate is divided* and if it 
bears a tiny hole near the posterior edge it is perforate (Fig. 8.10.2a). In life 
the diductor muscles were attached to it or to its posterior edge at the cardb 
rial process. 

The free portions of the two brachidia are attached either to the posterior 
margin of the brachial valve or to the anterior edge of the cardinal plate. 
In the latter case their substance can be traced back into the cardinal plate 
in many hrachiopods. The simplest forms of brachidia consist of minute 
spines (sometimes called btachsophoro) to which the fleshy lophophore was 
attached (Fig. 8.8,5). More advanced brachidia consist of long slender sup- 
ports which resemble arms reaching forth from the cardinal plate (Fig. 
8,8.2), These are called crura (sing. crus). Finally, the brachidia may become 
very complex and either form a closed loop (Fig. 8.2) or coil up in helicoid 
spires called spiralia (Fig, S.BiMi). 

It is apparent that cardinal plates may be subjected to varying strains con¬ 
nected with the use of sockets and the suspension of the brachidia. It is not 
surprising, therefore, that the cardinal plate may also he supported by a 
pair of crural plates which are analogous to the dental lamellae in the pediek 
valve. Moreover, the crural plates may extend forward to form a V-shaped 
trough or platform called a cm rail urn* which is the analogue of the spoil' 
dylium of the opposite valve. It is even used for implantation of muscles, 
but, of course these arc adductors in the brachial valve* Finally* a single 
septum may be present in the brachial valve and may even support the 
cruralium. If a double septum is present, it is apt to bear a special trough 
which resembles the cruralium, although no uue cruralium is present, 

CLASSIFICATION* At least three fundamental concepts are involved 
in various classifications of anieulates—structurc of the shell, kind of pedicle 
opening, and nature of the brachidia. To a lesser degree shell shape and some 
additional internal features are considered tn be important. Unfortunately* 
these features occur in various combinations such as to make a straight¬ 
forward classification impossible. For instance, there is a fundamental dif¬ 
ference of opinion over whether loop-bearing braehinpods gave rise to 
spire-bearers or vice versa. Careful investigation of the problem leads to some 
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major dilemmas. Were some strains of brachiopods alternately impunctatc 
and punctate during their evolution: Or did spirnlia evolve twice without 
genetic relationship? It is probable that neither of these solutions is accept a- 
hie. In the first case the loss of punctae from an evolutionary strain would 
probably be permanent because of the Law of Irreversibility of Evolution 
(page 42). It is not probable that punctae of brachiopods should be lost 
and then regained exactly as they were before an iropunctate stage intervened. 

Modification of spirit Lin follows such orderly patterns that it strains the 
imagination to conceive how convergence could have produced the succes¬ 
sion of various stages separately in the impunctate and punctate groups. 
Instead, punctae must be a secondary modification of shells somewhat as 
spinosliy is in various groups of animals. 

The same problems arise with respect to relationship between presence of 
punctae and the nature of the pedicle opening. Articulates with dehidbl 
plates are tclotrcmatous, whereas those with a single hoodlike plate over the 
ddthvrium (and generally a chilidium) arc protrematous. AH pseudo- 
punctate brachiopods are protrematous but some of both the punctate and 
the imp mm true shells are protrematous and others are tclotrematous, In this 
case it is very likely that orderly morphologic changes in die modification 
of the pedicle opening transcend the value of shell structure in classification. 
For many years it was customary to divide articulates into two Orders 
(Protremida and Telorremida) on the basis of the nature of the pedicle 
opening. On the other hand, a few forms now arc known which combine 
characters of both groups; hence, authorities do not recognize the foregoing 
Orders any more. Unfortunately, no substitute system has received general 
approval. The classification used herein is a modification of proposals by 
Sduichcrt and Cooper (.931) and by Cooper (1944). Categories recognized 
herein include only tho^e groups of major interest. 

Class B. Artioilau 

Order r. Falacotrcmich 
Order i, Protremida Teloiremida 
Suborder a, OrthEna 
Supcrfamily (i) + Orthicae 
Superfamily (^}* DalmandUcae 
Suborder b. Pcntamerina 
Super famiiy (s)* Synrrophikae 
Superfamily (2), Pentamcrkae 
Suborder c. Spiriferlna 
Supcrfamily (i), Spiriferleae 
Super fa mily {2). Rmtrospirkae 
Superfamily (3). Purjciospiricar 
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Suborder d T Strophomenina 

Supcrfamily (t). Strophomcnicac 

Superfamily (2), Productive 
Suborder e. RhynchonelSini 
Suborder f + TerchrafuEina 

Contrasted with the purely biologic approach is the somewhat cruder 
necessity of being able to assign a shell to the lowest possible category on 
the basis of readily apparent features. Accordingly, the following artificial 
key is based upon the use of as many external features as possible; but in 
some cases the relative ranks of the taxa were decided upon other grounds. 
The key is intended to serve only for the recognition oE the most common 
and readily identifiable articulates, such as are of general interest. A vast 
literature is available 10 those who progress far enough to discover the 
shortcomings of this sort of key* 

Kfiy to Higher Categories op Common Auncr late BxACHiOFcins 

l + Teeth and sockets rudimentary . t ... - * - -« Order Palaeotremida 

I!. Teeth and sockets well developed 

A. Shells rmpunetate 

1. Mostly transverse 

a. Spirolium absent. ...... r . Superfamily Orthitae 

b. Spi rub urn present „_ ......... Superfetnily Spirifericae 

2 . Mostly rostrate 

a. SpondyLiuni absent 

(1) Spitalium absent Suborder Rhynchonelhna 

(2) Spirillum present Superfamily Rostrospiricac 

b. Spandyjjtmr present . Suborder Peruamcrina 

(1) SpotidyUum simpler Super family Syntrophiicae 

{2) Spendyliurn duplex. _ ... SuperfamUy Femamericac 

B. Shells punctate or pseudopunctalc 

1, Shells pscudopunctatc .. Suborder Strophomenina 

a. Not jpinose.. . .. Superfamily Strophomenicae 

b- Spinose .. ... Superfamily Productive 

2. Shells punctate 

a. Mostly transverse 

(1) CostelEate ... ,.. . Snperfamily DalmaneElicac 

(2) Costa [e, w ith spiral i uni . . $upcrfam% Funeiospirieae 
b- Mostly rostrate, with loop ....... Suborder TcrebratuLina 

Order 1 . Polacotromida 

This rare Order consists of brachiopods in which teeth and sockets are 
poorly developed* the two valves articulate imperfectly along the hinge line, 
and the delthyrium is rudimentary. Shells are largely calcareous* but some 
phospbatio materia] is also present. All of these features have been interpreted 
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as evidence that the Palaemrcmida occupy an evolutionary position inter¬ 
mediate between the InarticuLita and the rest of the Articulata, The known 
forms are all from Lower Cambrian strata, 

Kutorgina U the bcsi^knoum Genus. It is biconvex and has a sulcus on 
the pedicle valve {Fig. 8.9.2). The in(erarca is poorly developed, but there 
may be a sort of sheath over the pedicle in the delthyrium of some forms. 
This serves the same function that a dcltidiym does in later forms. 

Order 2. Protfem 1 dd-TelotremIda 

Primitive Protremida had an open delthyrium+ but a single plate (del- 
tithum) covered the delthyrium in advanced forms. Moreover, the noto- 
thyrium in the Utter forms was also covered by a single plate (the diiliditun), 
Most shells are transverse* with only one group (the pentameroids) being 
rostrate. The most advanced brachidia seem to be brachiophores or crura. 



1 





FiguT* 8.9 Pfllaealf amide. 

1. Eilmtlor ei p«dida Vtflv# *r *du»nl f 2/3& Cambrian, Gtgrpta and V*rm<int r 

2d r 3 b. Derual a lid *id* vi«wi q ! KuJorgi na pupufeta^ IX, Cambripn r Kritern H-ofii and Corado 

(Affar Wokalt, 1912.) 


Tclotremates, on the other hand, generally have two or three plates form¬ 
ing the deltidiurn. Shells are either transverse or rostrate, Spiralia or a loop 
are normally present. 


SUBORDER A. ORTHfNA 
Super family (1). Orthiecte 

These impunetate shells are almost all notably transverse (Fig, 8.to), but 
the straight hinge upon which the “orthid" feature was conceived (Greek 1 
orthos, straight) is found in other groups of Articulate Most characteristi¬ 
cally the pedicle emerged freely from an unobstructed delthyrium, although 
the delthyrium was roofed over in a few forms. Internally the lophophnre 
was attached to brachiophores. In one strain (by some separated as the 
clitambonitids) a small spondylium was present (Fig. 8.10.7}. Muscle scars 
and the character of external ornamentation arc very important in identify¬ 
ing orthid brachiopods. The Orthicse ranged from Cambrian into the 


1 
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Figure 8.19. rmpynctde OrrhEdi (Orfhlai). 

J, Inieriof dC pedief* wolvo pf Eaarthh reiHflfcAff, 3X, CamtmnfV wridelpfi-nd. 2. SJefiol 
&f OrihFi rarcfiaiJrA 1 1/3X, Ord^riflft, Nevada. 3a, 3b. i,a1nrd and dafid vi*wl af 

H*cp*rortii.'i frfaan?ntfj IX. Orberaion, MJlern ItflfPI *nd Canada- in, 4fa. Anlprior and 

paUifi^ viiwi of PJoIptfrephta ocyfrliioro, 13f r Orrf&yisiin, fflitfeflniinint, 5o, 5b, St, 5d, toteral 
dofsoi vie*! [2 3X3, Jolerien of brachial and pedicl* vab** L2K.> of Hebertdfo nnyofo H 
Q^dfavitiorv MJttrJi itales. 4o r Afa. Posterior ^*w and ifttertaf of broth Id Vflly* of □ritavffOphrB 
FfrophonTD-rtai'd-vIr IX Prvomnri. tOllern HafOU 7. Id*rip* of pedicle vd™ <rf Vwlinma IrtrtfflflM- 

t : j r ill owing ipafldyKyJn MUipl**# IX, OfJtfriekfl r Ontario, MinnewTa. 

(1 offer Walcott, 1913. 7 af'er Ulfkh atld Cwptr, 1930, 3 P St, 5d H 4 offer Hall and Cktrl*, 

1802, 4, 5a, 5b dw Meek, 1073. 7 tfH« Sthyefaert end Cooper, IP32J 
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Devonian but arc most abundant in Ordovician rocks, where they are the 
most representative brach inpods. 

Eaarthis is a well-known Late Cambrian Genus, whereas Hcsprrorthh 
and Hehtnella are common Ordovician Genera, as is Piatyitropkiet with its 
prominent $pirifer-]jke costae. Orthostrophtu is a common Early Devonian 
orchid. 

The orthids seem to have arisen from the pabcotrematc stock by perfecting 
the articulation of the valves. 


Superfomily (2), Polmoreflieoe 

Da Im and litis resemble many orthids and most strophomenids in general 
external appearance (Fig. 8.11), but the shells of dalmandlids are punctate. 
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Gypiduia 


SyntraphtPG 


Peniemerv} 


Figaro 1 '2. Pfl n I □ me ri d i. 

3, G^piVvIff c-p«jfinFnj*M-nirf K De .■■infri r\ saltern hlQtel- 1 Ibr anterior and dtp Id I viiWJ r IX. 
It, interior -of podklt valvft wil-h lpanidyliunrt r IX. Id. posterior vi«w of internal maid 'With 
poir*d Ptedion tepid of brotbial mivw arid ipoflrfjrlium of phflHdidt *fli**, 1 1 2X S- Da rial 
yi#1*r of mlurnal mold of ConcbidFuin fB^VPaTum, 2 3X, Silurian, Indiana. 3p r 3b. fAt^rrot and 
interior of p«didi volv* oE nkrfir^ 2X, Orrfavi-tia*i, Can ado. 4 o, 4b. Dingrtim^ 

malic cron ltcSian and donoJ yte* df internal mold of Pflntenterui JotWr, 2/3X, Silu<rian H Aknko 
fo Unlt#d Stotet, 

(1 after Hall S3iL 2, 4a after Hall and Clark#, 1674. 4b after Hall and W’hitfterd. 1G73.) 


The dclthyrium is usually open although it may be covered by a small del- 
i idiom, Surface ornamentation consists of fine costae. 

Dalm and Elds apparently arose from the orthids by becoming punctate. 

SUBORDER B. PENTAMERINA 
Superfomily ( 1 ). Synlrophiicae 

Syntmphiid hrachiopods arc rostrate, biconvex* and cither smooth or 
costate (Fig. 8.12.3)+ ddtidium or chilidium is present. A sporidylium 
simplex is present in the ventral valve, but the muscle scars on the dorsal 
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valve arc neither on a platform nor are they outlined by ridgejikc extensions 
of plates from the cardinal margin, A short cmralium is present in that valve* 
however* Members of this group are not easy to identify, Syntmphiids differ 
from rhynchoncllids in having a spondylium and differ from pentameroids 
either in lacking muscle attachments to a crmnlium or in having a ridgelike 
border around the dorsal muscle scars. The group originated in the Cam¬ 
brian and became extinct in the Devonian, but was at no time very im¬ 
portant. 

The Syntmphiicac presumably originated from the Orthicae out of the 
so-called ditambomdd strain which had a spondylium. 

Sups rf amity (2). Fentamerseoe 

Pcmamerid brachiopods arc rather typically biconvex, ovate, and rostrate 
(Fig, 84i). Faint to moderate costae or plicae arc commonly present. The 
most definitive character, however* is a spondylium duplex. This internal 
feature would be difficult to see if it were not for the fact that many speci¬ 
mens belonging to this Superfamily are preserved as internal molds in which 
the Y-shaped impression of the spondylium is readily observable near the 
ventral beak. A cruralium is present in some Genera. The Supcrfamily is 
confined to the Silurian and Devonian. 

Characteristic Genera from the Silurian are Petttwienu and Conchidmm. 
Gyphiuia is a common Silurian and Devonian Genus with a fold on the 
pedicle valve and a sulcus on the brachial valve, which is the reverse con¬ 
dition of that present in most braebiopods* Pen tamer ids comprise coquina* 
in some Silurian strata. 

The penta mends evolved out of the syntmphiid brachlopods by creating 
die spondylium duplex, perfecting the cruralium* or enclosing muscle scars 
of the brachial valve with a ridge, 

SUBORDER C, SFlRlFERINA 

Members of this Suborder arc defined by the presence of spiralia and 
impunctate shells. Spiralia can be differentiated! into three categories de¬ 
pending upon the orientation of their conical helicoid spirals and upon the 
course of the primary lamellae by which the spiralia are connected to the 
shell Those in which the axes of coiling o£ the spiralia arc arranged trans¬ 
versely (right and left, as it were) and the primary lamellae curve out di¬ 
rectly from the shell are said to have spiriferoid spiralia (Fig. 8,8,6), On the 
other hand, coils which are oriented with their axes vertically arc called 
atrypoid spiralia (Fig. M.-)* In the third group the primary bmdbe start 
to follow the Inner surface of the brachial valve as in spiriferoid and atrypoid 
spiralia, hut then rhe bmcltae double back on themselves to reverse their 
course before generating spiralia. These arc the athyroid spiralia (Fig T 8.8.S). 
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Naturally, one either needs 10 have access to remarkably well-preserved 
material or needs to grind away shell substance in order to observe these 
important inner details. 

Superfamily (!}* Spiriferkae 

Spi rife rid hrachiopods arc characterized by a trilogy of features in which 
the presence nf a spiralium is augmented by an impunctate shell and a more 
or less transverse shape (Fig, 8,13). Inlerarcas are normally presen t t as h 
radial ornamentation. Some sort of dcltidium is generally present, although 
the discrete plates may fall out posthumously, whereupon the delthyrium 
resembles that of the orthids. Indeed, it b not easy to differentiate between 
some spiriferids (such as Spinfcr ) and some orthids (such as PhtystropAm) 
unless one has access to internal characters. 

Two Sections can be recognized, according to whether the spirals a are 
directed laterally or dorsally. 

SECTION (a). SPIRIFEROID SPIRALIA, Within this Section one can 
make two or three further divisions, depending upon whether the tips of 
the spiralb point outward or inward, or essentially arc enrolled in a plane. 
It may be necessary to cut a specimen in half transversely in order to de¬ 
termine which course the spiralis, take, although in most spiriferids the 
spiralia point outward. Most of the common spiriferid hrachiopods belong 
in this Section. 

Eospirifcr (Silurian and Devonian) is entirely covered with fine radiating 
ridges. Devonian spiriferids such as Mucrospirifcr. PhtywcAcUa t and Costt- 
fpiriftr are costate on the lateral slopes* but the fold and sulcus are cither 
smooth or have one costa or groove, A few Upper Devonian spirifers (Cyrra- 
spin far) and all Missjssippian and Pennsylvanian forms (Spinfir) have a 
costate fold and sulcus. In Ntospirifcr (mostly Pennsylvanian and Permian) 
the costae become increasingly coarse and arc characteristically bundled to¬ 
gether in fascicles of three to five costae. Genera in this Section range from 
Medial Ordovician to Triassic. 

SECTION (b), ATRYFOID SFIRALIA. Primary lamellae diverge and 
follow along the margin of the shell before coiling dorsally- Many shells 
have hemispherical brachial valves and nearly fiat pedicle valves. Only a few 
Genera belong here* but the best-known Genus, Airy pa, constitutes one of 
the most prolific elements of Devonian faunas all over the world. Zygospira 
as a well-known Ordovician Genus which probably belongs here (Fig. 8.13.1). 
The group ranges from Ordovician into Lower Mississippian strata. 

DEVELOPMENT OF SPIRALIA, The ontogenetic series in the de¬ 
velopment of spiralia has been worked out for the very early spiriferid* 
ZygQfpr'ra (Fig. 8.14). In its earliest stage the brachidium is an anteriorly 
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pointed loop. In the next stage of development, however, the anterior point 
of the loop is resorbed, and two armlike extensions grow forward from 
lateral portions of the loop. At this stage (Fig. 8.14,1) the loop is quadrate 
in shape and its transverse anterior bar (jugum) connects the two lateral 
arms. Indefinite forward growth of the lateral arms is not possible within 
the visceral cavity; hence the bradudia can grow longer only if they coil up 



Ft pure 8.14. Wet'Cimdr phciiii and GtawFh *F a SpTraliufli. 

Sid* vinwj gF spirnljn of a ZygDipira arm ihown in thn -upper row and fHv>n plan Vhwi at 
brachial val*#? arc di&wn in ilia tpw*r iqw. 1. CanUonfliLifarm loop, 16X„ 2, C'infGinrgliVfl 

tonp r liK 3. VflifFrally wrv*d lea? cl la# projecting from Imp, BX. 4. tally spindiurn, BX. 
y Motor* j-plrolium wilh 2 1/4 raluliaru, 5X. 

{Alter Bfttchtr and SchuehEfl, 1 £?3.) 


into spiralia. Only one or two volutions are present in early stages of spiralia, 
hut several volutions occur in adults of different species of Zygospira (Fig. 
S.I45), It is thought that other spirHerids could have evolved from Zygojpira 
through variations in degree and orientation of spirals. 

It is probable that the earliest spiriferids arose from some orchid ancestor. 
Presence of a loop in early stages is remarkably similar to the condition in 
primitive bop-bearers, but these latter all lived too late to give rise to 
spiriferids. 


Fipyr* 8.13 tappohft). Spiriftridi (Spirifarko*). 

tlX 3fa, Oftfkol and WflUill 'riflwi of Ifgaipirn iudJbjJ^ IX, Or^cian, «aklarA 
2. Dorsal vi*w fl[ EoJpprrfir radial us. 13f, Sllurinn, *aifKrn i*pt*| pnd Canada. 3- Danal vj«w of 
Crripoffo *rripO r 2X, Silurian. widoiprppd,. 4. Dgoal vj#w of Pfafyrath^ttn awmnt, IX, Dpvonrtkri, 
Mjdwfllt. Sa H 3fa. Anlprior and potlvnaf vi«w| T*n*iPOtpStifvr cjprfinlforinin, 2X, Da^enHan* 

Jawa. [nttrnol meld of pHidid* vol^ -ef CacfripKrrfnr □ r c r-: ■ l-i, 2 3X, D*Yfrniart r wider 

ipr*ad in United and Canada. 7. Danal iriow af SjuVitar rstfcmatron u <„ IX, 

Haitian, wldatprMd. 8. Dorsal *U:W df Spiwrfmr mcr« b®*ri nj, IX, MJ*ii:fclippiaji, wid*spj*ad- 
V. Dgrial vi*W nf SpTjJfor canfrariodoi, IX, WiMlisippipn, w*iF«nn iFoFfci. 10. Ogrwl of 

^L(rci^7if#r mucirpflafvi, IX, Dflvgnjfln, cai^rn |FaE«k 11. Daryal view of Mppipififmr Iripti- 

cnfwi, IX. P*nmylv 0 ritaJi P itot*k 12. Dorial 4w of C/rFgipmf#* wfciififttpfa IX, 

Oxonian, wEd»«pr«od. 13. Donal vjsw ol Sraehjrfbjfrij iubcaj-drlformfi, 1JC Mliamipplaiv 
Midw#tt. 14, Sid# ¥i*1P &F Atrypa faJj^u/aivs, IX, Si?urian aitd Otvienian,. world wld*. 

[1 aftrr Mm*, 1073. 2-S, 10, 12 F 14 afF*r Halt and Qarfcv, 18?4. 7, 9 , I I ahor White, 
1877, 0 .. 13 oflrij- ‘‘iVoller, 1 9 34.) 





310 


INVERTEBRATE PAIEONIOLOGY 


Superfamily (2), Rostrospiricae 

These arc rostrate shells (Fig. 8.15) with a spiral sum, as the name of the 
Supcrfafnily indicates. Moreover the spiral! urn is of the athymid type. In 
addi 1 ton, the jugum bears spines or is Y-shaped instead of being a simple 
transverse bar. 

Comparita is by far the most important Genus and is one of the most 
abundant braehlopods of all Lime; species are with difficulty differentiated 



Squatter,a Mjrfl Ccw-pw*, 

F-lgur* S. 1J. Spiritaridi (Roilroiprrltflt), 

T. SqiramtjJirrja p*rpJ+xn, ft»My(«VBfltan, MidwtiF. lfl F 3fe r dorul ond lotitnl vicwi, tX. 
It, d*Fni1i nf ipiftHi, gi’etrCly enlaced. 2. Donnl vi»w of ftJridcr, Saurian, 

Hllqrn xfctai. 3. Dorsal fi#w Affi/ril xpmfc/o d*i. IX, Divanlqn, Miftrii 4ft, 4 k 

A niFi-rio r grid do rial viiwi of Compalj^ Mtiiiiii pptan r ^jdiiprted, 

(1 sfttr Dunbmr °nd Condto, 1032- 2 flfStr Ofsbau, 1901. 3 aflar Hall and Clark* 10$4 
4 Phwf W#N#r J 1P14.J 

on the bases of subtle differences in shape and character oE the sulcus and 
fold. 

Rost rospi rids undoubtedly arose from the main line of spiriferid brachio 
pods by a slight change in the trace of the primary lamellae, 

Superfofflily ( 3 ). Punctospirieoe 

Some punctate spiriferids (Fig. S.t< 5 ) are rostram and others are trans¬ 
verse; thus, they resemble the Rost rospi ricae and the Spirifericac. Surfaces 
are not only distinctly punctate, but wavy lamellosc growth lines and min¬ 
ute spines are commonly present. The delthyrium is open or closed by a 
complicated deJtidium. Representatives of the Super family are most impor¬ 
tant in Upper Paleozoic strata but occur as high as the Jurassic. 

Cyrtina (Silurian to Mississippian), Puijclotpirifer (Mississippian to Per- 
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FFguno B.Ti. SplriF«cidh (PuiKftHpJrlca*}. 

1*3,- lb. FftSteHor and laler-al ‘vSnWi aF Cyrirna aJpfl.n EmiJi r IX, Drraniait, Michigan. 2-0j 3b. 
Dorwl *i*w and IroniKfigr gl HyU'rdm mgrmgnJ iligwifig jugum and ipiFOtiirffl, 2X. 
Ftnniylvgninn and Pt^raiaei, wjd«prflC!d. So, 3b. ApHtIof Oild ¥»nlral vltHi flf fi^rrtuJaFTina 
fpjJTDJO, 1 1/iX. Mlilltti pfWOFl, wld«lpF#od. 4. V#nm1 viiw fl! PuncfcMp^rF*r Franivingi, IK, 
Mbifiipplen end L*wpF mdrspread. 5. Dgrw] vi«nnr gf Pun«*gipFrjf*r puJeW # 

^ P«Fnilan r weuarn jialtj. 

(1 offer Hall and Clark*, 1894. 2 after Dunbar and Cofldra, 1932, 3. 4 qFeif WilF«r r 
1914. 5 afrer M»*k r 1377.} 

mbit), Retituforiina (Mississippian and Pennsylvanian), and Hustedia 
(mostly Pennsylvanian and Permian) shoiv the diversity of form in the 
group* Triassie and Jurassic Genera are not common in North America, 
although they are welJ known in Europe. 

k is probable that punctospirids arose from ihe impunctaie spiriferids. 

SUBORDER D. STROPHOMENJNA 
SuperFomiEy (1)- Strophomenicao 

Strophomenid brachinpods are most readily characterized externally by 
their very compressed shapes and long hinge lines (Fig. 8.17). In most cases 
their pseudopunctate shell structure can be detected only in thin sections. 
Most strophomcnids also arc characterized by details of the cardinal margin. 
A chilidium and a deftidium are present and both are hood-shaped. Orna¬ 
mentation typically consists of fine radial ridges. There is some evidence 
from impressions on interiors of shells (Fig. 8.8*3) *hac A spiral bphophore 
was present in life; moreover the only strophomenids which have a brachid- 
ium {Thtcospirv from the Tnassit) have a spiralium, Other strophomenids 
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apparently Jack even the brnchiophorcs of many primitive articulates and 
merely have socket ridges in a similar position. The diductnr muscles were 
attached either to a very small septate groove or to a bilobed cardinal process 
—both features being present and indicating a differentiation of strophom- 
enids Into two evolutionary strains. Strophomenids which were attached 
by a pedicle in early life seem in many groups to have aborted the pedicle 
and closed off the pedicle foramen as they grow older. They seem to have 
become tree-living, although sedentary. No consistent evolutionary signifi¬ 
cance can be attached to this loss of a pedicle because it happened in different 
groups at different times. The strophomenids originated in the Ordovician, 
and they are represented in Recent seas by Lacazella, a sort oF 'living fossil.” 

Strop horn tna is a typical Ordovician form (Fig. 8.17.1), which is convexo- 
concave, whereas Rtiftncstjnims from the same strata is concavo-convex 
(Fig. 8.17,2). LepiMriti is a long-ranging (Ordovician to Mississippian) 
geniculate form with a characieristica!Iy wrinkled surface (Fig. 8.17.5). 
Schuehertclh, Orthotetes, and Drrbytn are Devonian or Late Paleozoic Gen¬ 
era, which resemble the Early Paleozoic forms whose place they take in the 
later faunas. The group almost became extinct at the end of the Paleozoic, 
but was of major importance during much of that era. Strophomenids were 
particularly important during the Ordovician and Silurian. 

Probably the most peculiar of all strophomenids is Scacchinelht from the 
Permian, which had a very elongate pedicle valve divided into chambers by 
a series of transverse partitions (Fig. 8.17,9). Apparently the partitions served 
to confine the viscera to a small region at the same time that the valve 
was becoming elongate for some other purpose, such as rising above the 
level of sedimentation* 

One group of strophomenids, which is typified by Strapheodonta and 
DouviUina (Fig. 8.17,7, 8). is characterized by a denticulate hinge margin. 
These so-called strophcodc.ruids developed teeth increasingly farther out on 
the hinge margin as the individuals grew up; and the several strains also 
show an evolutionary progression toward more and more denticulate hinge 
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margins during (he passage of geologic time. The stropheodemtids originated 
in the Late Ordovician and became extinct in the Late Devonian. 

Some difference of opinion exists as to whether strop tinmen ids originated 
from some orchid, or the strophomenids and on h ids descended from some 
very distant common ancestor and evolved along separate courses. Similarity 
of internal construction supports the former hypothesis, in addition to which 
the difference between orchids and strophomenids is essentially the difference 
between impunctatc and pscudopunctate shell structure* According to the 
second theory the strophomenids not only constitute a very diverse group 
among themselves, but they cannot have been derived from the orthids be* 
cause the pedicle of some (Leptaena) passed through an opening which is 
confined to the substance of the shell instead of passing through the delthy- 
rium as in the orthids* 


SuperfamiJy ( 2 ). Produ diced 

Produced brachiopods are particularly characterized by the presence of 
conspicuous spines over the general shell surface or along the cardinal mar¬ 
gin (Fig. 8.18). Otherwise they resemble the strophomenids in shape, interna! 
features, and in the presence of a deltidium and chitidium. Shapes arc con¬ 
sistently concavo-convex. Pedicles seem to be consistently absent in adult 
stages; hence, attachment is by means of Lhe prominent spines. Two Sections 
can be recognized on the basis of distribution of spines. 

SECTION (a). Spines are present only along the cardinal margin. Cko 
tines, Mesolabus, and Lusochowtcs are common Genera (Fig* 8.18,1-3). The 
entire Section is generally referred to as chonetid brachiopods. It ranges from 
Silurian to Permian, with the greatest abundance in the Carboniferous. 

SECTION <b). Spines arc present over the entire surface. Distribution 
of spines in this group is of major importance; hence care is required to sec 
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whether they occur in rows, pitches, bands, or singly. Productits (commonly 
called Diaphragm us) has an internal transverse flange which divides the 
visceral chamber from the anterior trail of the shell (Fig. Ditiyo- 

dost us has a reticulate umbo, Echinoconehtu has parallel transverse bands of 
tine spines, LinQprvducius has fine costae and coarse spine bases, and Koz~ 
loit’slijj has a thickened rim on the inner margin of the brachial valve. All 
of these Genera (Fig. 8.18.4, 6, to, 13, 16) occur in Upper Paleozoic rocks. 

One of the most peculiar fossil groups ever discovered is represented by 
Rickthafcnia and Prurickt/iofcnia (Fig. S.jH.n, 12) in Permian rocks of 
various countries. In this form the pedicle valve is modified into an elongate 
cone which is supported on its tip by props derived from the spines. More¬ 
over, the pedicle valve is filled with vesicular tissue very similar to the dis¬ 
sepiments and tabulae which restricted the volume of corals. The brachial 
%-alve functioned as an operculum which is located far below the aperture 
and is overgrown by short radiating spines. The complete brachiopod re¬ 
sembles a coral very much at first glance. 

The oldest productkls lived in Late Devonian time (PraiucteUu, Fig. 
8.18.5} and the youngest died out before the end of the Permian. During this 
interval they were rather consistently the most abundant and diversified of 
brachiopod s. In fact, the Late Paleozoic has been called the Age of Product ids. 

It is probable that the product ids arose from the strop home uids, possibly 
as a consequence of the loss of the pedicle in the biter group. Many juvenile 
produced* were attached to the substratum by being fixed to an object by 
the curved spines alongside the beak of the pedicle valve. Apparently this 
dionetidlike arrangement of spines gave rise to the generally spinose shells 
of the productkls. Times of origin of tbonetids and productids would in 
part support this explanation. 

SUBORDER E. RHYNCHONELUNA 

Rhynchouellid brachiopods arc either rostrate or even sharply beaked 
(Greek: rhynchos. snout) and are mostly costate or plicate (Fig, 8.15). The 
beak may overhang the brachial valve so much in some of the globular 
forms that the brachial valve can scarcely be opened. The dehhyrium com¬ 
monly is closed. Crura are present. The minute pedicle opening is Located 
almost at the tip of the beak. Rhynehonellids range from Ordovician to 
Recent, 

Ltpidocyclut (formerly called Rhyndiotrema) (Ordovician), Cdmaroioe- 
chia (Devonian to Mississippi), Rhynckotraa (Silurian), and Lciwhyn- 
chus (Devonian to Pennsylvanian) are well-known Paleozoic Genera. No 
post-PaJeozoie rhynchonellids are common in North America although they 
are abundant in Eurasia, where hundreds of species have been referred to 
Rhytichonclla* 
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Rhyncboncjlids were a. particularly well-adapted and successful group of 
brachiopods.They commonly Lived in numbers such as to constitute coquinas* 
as in the Devonian, Although geographic distribution of simple species or 
Genera was apt to be restricted by bottom conditions, different members of 
the Suborder occupied diverse substrata. Some rhynchonellids lived on bot¬ 
toms composed of rather pure lime mud or of argillaceous lime mud, whereas 
others lived on fragmental shell debris. Still others, such as Leiorhynchuf, 
arc generally found only in the carbonaceous shales of the Upper Paleozoic; 
they recur from time to time over a long vertical range whenever that 
lithology is present. 
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Rhynchonellids seem to constitute a polyphyletic group. One strain may 
have arisen from some symroptmd ancestor with a simple cmraliunu On 
the other hand, other rhyitchonellids seem to have evolved along several Lines 
from origins within the Orthieac by becoming rostrate and hy losing costae. 
Finally, the presence of a spiral lophophore in some rhynchonellids might 
indicate that they had a spiriferid ancestor* 

5UBORDER F, TEREBRATULENA 

Tcrebratulid brachiopods are fundamentally characterized by the presence 
of a loop-shaped brachidium. Most of them are rostrate and all are punctate, 
Some are costate, but most are smooth. The deJthyrium is closed by some 
more or less complicated system of plates. Naturally, intricacies of loops are 
rarely observable in fossil material, but shape and ornamentation enable 


INVERTEBRATE PALIOWTOIOGV 


316 




R«nn#/oerl(j 



3b 

Pft.'a 3 m c? 





Oltneolliyrif 




i^ncjeno 


Rgg r* S 20- Ti-nebrnfulKiJi {T#r«-bratall*id). 

I. S^rnp«*pfca^s hur^ani, D^voflid fl, wdr[d:*wid». la, dpr?p! ifP*W a 1/2SC. lb, epical Integer el 

p*djd* tffib* with ptdicl* iheoth, enlarged. Jo, 2b. listen Gf of brack a I v-g!v# and darsa! 
vie* af ff«»fwXo*fF& r > gjyJand,'tc\ IX, Dcvarian. Maryl’pr.d. 3o r 3b. Dcr>al gtid lateral vifiWi of 

pi«JaiPia bafrdtru, 2 3X Panmyl van! an, wid«ipf*ad. 4b. Angrier end do rial view! ftf 

Outran* IJa ctrmptteW', 2 3X, D*vflm(in, Indian©, 5a r 5b, DofsaS end interior gf brachial 

va\*m af OfiiiW^/d* iiaWanfi i 1/2X Eoc«fti P Haw Jiftey. 6b. SEd* end dgrsgl viiw* dF 

Xj.ngnn -5 waso+niii, IX CffelattfGul,. TfrXOs. 

II, 2b after Hoi: and Clars*. JflP4. 2a. 4 offer Cln-fjd,. 1942. 3 ©Iter Dunbar and Condfo. 
1932. 5 after Wtllir, WJi 


recognition of some Genera, Ctntrmdta, Stnngac£phahtr t and Renssdacria 
(Devonian)* Did ami a (Mississipplan to Permian), Kingtna (Cretaceous), 
and Olcncoihyris (Eocene) are well-known Genera (Fig, 8-20). Terebratulids 
arc known to occur abundantly in a very few localities in Triassic rocks of 
Nevada and Idaho and have been reported from Jurassic strata in California* 
British Columbia, and the northern Rocky Mountains. Some Cretaceous 
strata on the Gulf Coast contain abundant terebratulids, 

DEVELOPMENT OF LOOPS. Great attention is paid to the con- 
figuration of the loops of the various tcrebcatulids, In its simplest condition 
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yet discovered, railed cetitrondliform (from its presence In the Devonian 
Genus, CcRtroricUa) the loop is narrow, elongate, and pointed anteriorly 
(Fig, In most of these simple terebratulids the cardinal plate is more 

variable than the loop is. Stages of development of the loop in DidaJma are 
illustrative of changes generally seen in Paleozoic loop-bearers (Fig, 8*21.1^5). 
The centrenelliform stage is followed by one in which the anterior margin 
is rcsorbed and then a rather quadrate short loop is produced in the adult 
stage. Advanced terebratulids arc thought to have been derived from ten- 
troneliiform ancestors by extending the length of the loop until it almost 
filled the shell and then doubling the anterior arch back posteriorly as if a 
person were to fold back a rubber band into a V-shape. The actual stages 
in this transformation can be very intricate, as is shown in Figure 8*21,6-12. 
These figures represent only half of the story, however, for the terebratulids 
diverged along two different evolutionary lines between the Mesozoic and 
the Recent, in both groups the loop is attached to a median septum at some 
early stage, but in one group this connection is not broken until a late 
stage, whereas the connection is severed early in the other group. In Recent 
seas the former group is confined to southern waters^ whereas the latter 
group inhabits northern waters. If one did not know of the developmental 
stages in each group, however, he would not realize how different their 
development had been because the loops in the adult forms are essentially 
identical. This is one of the most remarkable known instances of parallel 
descent. 

The presence of a ccntmnelliform bop in early stages of terebratulids 
such as Dielasma and of spi filer ids such as ZygO£pira 4 followed by resorption 
of the anterior margins of the loops, seems to indicate a relationship between 
terebratulids and spin fends. For a long time it was supposed that terebratu- 
lids gave rise to spiriferids, hut two things seem to prevent acceptance of 
the hypothesis; the terebratulids are punctate and they are unknown before 
the Silurian, whereas the spiriferids are impunctate and occur as early as the 
Medial Ordovician, It now seems probable that terebratulids arose from some 
early spiriferid stem by loss of the spiral *a and assumption of punctate shell 
Structure. 

GEOLOGIC DISTRIBUTION OF BR ACHIOPODS. A few Atremida 
such as Oboklh have been discovered in Proterozoic strata and the Atremida 
are common from Early Cambrian to Recent. Neotremida also range from 
Early Cambrian to Recent, but art of little more importance than are the 
Atremida. The first Articulata lived during the Early Cambrian and prob¬ 
ably gave rise, through the Palacotremida, to the higher groups of brachio- 
pods. Orthids and stmphomenids dominated brachjopod faunas during the 
Ordovician, but were assisted somewhat by the rhynchonellids and dalmanel- 
lids. During the Silurian these groups continued and most of the remaining 



Figuu 3.22. 0«fogk DlilHbutifin of BrachTopsdi. 


Panlom#iicDA 
































































322 


INVERTEBRATE PALEONTOLOGY 


Suborders and Superfamilies appeared- thus Silurian faunas arc very inv 
portanL They arc particuforly characterized by pcrnamcrids. It was not until 
ihe Devonian, however, that the brachiopods reached then* greatest abundance 
and diversity. In particular, the spiriferids exploded at that time imo wonder¬ 
fully numerous and diverse forms. Late Paleozoic brachiopod faunas arc 
rather distinct because several early groups had died out or diminished, 
whereas the producrids dominated the seas so thoroughly as almost to nullify 
the importance of other groups. Changes in the brachiopod stock at the 
end of the Paleozoic were even more profound than at die end of the 
Devonian, owing to cumulative effects of evolution and extinction. 

Early Mesozoic brachiopod faunas contained a few spiriferids, rostrospirids, 
and punctospirids, but were overwhelmingly characerized by terehraiulids 
and rhynchondlids. These two latter groups continued to be important into 
Recent time, with the tcrebratulids gaining additional dominance until they 
are the most common living brachiopods. Of second rank to the terehramlids 
in Recent seas are inarticulate such as Lingula, some of which have survived 
with little change from the Cambrian* 


QUESTIONS 

i- How is it possible for the growth Stages of brachiopeds to be preserved on 
the exteriors of adult valves, although the young Stages of brachidia are 
not retained within the same valves? 

a. How docs the position of the pedicle foramen reflect changes in the living 
position of brachiopod s? 

j,. How can different kinds of ornamentation indicate habits and- environment 
of some brachiopods? 

4 i How might spondyha originate? How might they acquire selective value in 
evolution? 

5. What changes in cardinal processes affect leverage of diductor muscles? 

& What bearing docs the Law of Irreversibility of Evolution have upon the 
use of punctac and brachidia in devising a classification of brachiepods? 

7 - How widespread is metamorphosis in the invertebrate groups which you 
have studied thus for? 

3 . Knowing ihe stages in the metamorphoses of Loops and spiralia T which group 
came fim? What law are you applying? How can their ontogenetic history 
be rationalized with the known stratigraphic distribution of the Suborders 
Terebratulina and Spiriferina? 

9- Is ii probable that the northern or the southern strain of recent tcrebraiulids 
was ihe ancestral one? How and where and in rocks 0 f what age could addi- 
tional evidence be sought regarding this problem? 

10. What evolutionary patterns a n exemplified by SeacckineUa and ProHth- 
fhofenmt 
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PHYLUM XIL MOLLUSCA 

The most common molluscs ore the dams and snails, but the octopods 
and squids also arc part of the Phylum Mollusca. In addition, the uncommon 
!l iusk-shdls M and "coai-of-maii” shells belong with the Mollusca. It can be 
seen that some molluscs are typified by the presence of a shell, whereas 
others are soft-bodied. Accordingly; scientists who study shell-bearing forms 
may be thought of as conchologisis, whereas specialists who think that 
molluscs are better characterized by soft pares than by skeletal structures arc 
apt to consider themselves malacologists. The words "mollusc*" and "malacol¬ 
ogy' 1 both come from the same classical root, meaning soft, in allusion to 
the soft bodies of the entirely shell-less forms. 

Molluscs have been economically important since before written history 
because they comprise some of the most abundant and easily obtainable 
articles of food. Various sorts of clams, oysters, marine and terrestrial snails, 
squids* and octopods are eaten. Molluscs also have been and arc commonly 
used for adornment, as in the case of pearls and mother-of-pearl. Some 
colorful and precious molluscs, such as cowries, have even served as money. 
Thus, during the last century in India* about 4100 cowries could be ex¬ 
changed for 1 rupee- In facts the scientific name of one cowry, Cyfirwa 
nioncfa, was coined in allusion to the use of cowry shells for money. In 
North America the Indians used "tusk-shells” and snails for monetary ex¬ 
change and wove wampum out of beads which they fabricated from the 
common clam, Vetms. Finally, a particular snail belonging to the Genus 
Purpurea furnished the dye called Tyrrhenian purple, with which the gar¬ 
ments of rulers were tinted in classical times. 

Shell-bearing molluscs are of great importance in pakomologk work be¬ 
cause they occur in rocks of many ages* arc relatively easily identified, are 
widely distributed geographically, and may have short stratigraphic ranges. 
Some molluscs* such as the cephalopoda, have been considered for many 
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years as unusually valuable index fossils in Paleozoic and Mesozoic rocks. 
Pdecypods and gastropods begin to be especially important for applied 
paleontology in Mesozoic rocks and they are the most important of all 
mega fossils in Cenozoic rocks. Field geologists in many lands have become 
expert in identification of members of these two Classes. Thus, oysters are 
used for zonaiion of Cretaceous strata on the Atlantic and Gulf Coastal 
Plains, and Pectcns and Turritelhs are of first importance in the field for 
subdividing the Tertiary strata of the Coast Ranges In the western United 
States, When the first paleontologic laboratories were established by oil 
companies (on the Gulf Coast) die employees drew upon the wealth of 
literature which had been published on cunchologv in order to make correla¬ 
tions. Shortly thereafter conchologic studies were used in California to date 
strata. When correlation by use of tnicrofossiEs became general about 1930, 
conchologic studies in economic paleontology declined until now they per¬ 
tain mostly to field work and are even augumented there by study of fora- 
minifers. 

Bottom-dwelling molluscs are rather sensitive to depth, temperature, and 
nature of sediment; therefore, they can be used in reconstructing ancient 
environments. Moreover, their geographic distribution may be restricted in 
an area of diverse sedimentation because of their preference for a particular 
environment. Opportunities for constructive work with molluscs are better 
now than ever because of the interest in ecology and because the stratigraphic 
distribution of megafossils can be correlated with thaL of microfossils. 

The several groups of Mollusca are so different from one another that it 
is difficult 10 characterize the entire Phylum. Molluscs are unsegmented, are 
distinctly bilaterally symmetrical, anti are generally enclosed within some 
sort of calcareous exoskeleton which is secreted by the inner fleshy lining or 
mantle (Fig, 9,1), Respiration is mosdy by gills. The nervous system is con¬ 
centrated at one or more interconnected centers (ganglia). Several types of 
light sensitive organs are developed by molluscs, varying from a generally 
light-sensitive surface of the body, to rows of pigmented spots on the edge 
of the mantle of pdecypods, and to image-forming eyes in cephalopoda and 
in some gastropods. Sexes generally arc separate. 

A trochophore larval stage is succeeded by a characteristic to^shaped 
veligcr larval stage with an equatorial flange (the velum) bearing cilia (Fig, 
9.14.id). Molluscan larvae mostly arc free-living for only four or five days, 
but the planktonic phase of some, such as the larvae of oysters, may last as 
long as two weeks. 

Many molluscs rasp away food into small particles with a radula. This is 
an extensible organ devised on the principle of a pulley, the surface of which 
is studded with orderly rows of minute chin nous teeth, each of which bears 
serrated rows of sharp cusps (Fig, 6.9.8), Opposable muscular systems draw 
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the roduIn back and forth across the surface on which the mollusc is feeding. 
Some radulae are even capable of drilling holes through the calcareous shells 
of animals In order to feed upon the soft tissues inside, Radulae are not 
present among pelecypods, but are found in most divisions of the other major 
groups. Some radulae bear only a few teeth, but most radulae have several 
hundred and a few have tens of thousands of raduhr teeth. 

SHELL COMPOSITION AND STRUCTURE, Shells of molluscs can 
be characterized on the basis of chemical composition, arrangement of layers, 
and mine fa logic constitution* DiiTcrent groups may tend to be constructed 
along some plan rather typical of the group, hut variation in shelly features 
is so extreme that valves of different kinds of pelecypods, for instance, may 
differ from one another as much as their shells differ from conchs of 
gastropods. 

In general, molluscs are covered with an exterior cuticle or pcriostracum 
which is composed of a chitinlikc organic compound called cone (violin* The 
periostracum is relatively structureless* elastic, and decomposes readily after 
death; hence it is rarely fossilized. Loss of the pcriostracum does not ad- 
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vcracly affect identification of molluscs because the periostracum is a very 
thin coating. 

The principal part of mollustan shells consists of calcium carbonate^ For 
the most part the calcareous material occurs in three different structural 
conditions and in two msncralogic forms. The five foregoing factors may be 
arranged in complex fashions, although some generalizations can be drawn 
for different groups. The most readily recognized shell structure is prismatic, 
in which single or compound crystals are arranged with their long dimen¬ 
sions more or less at right angles to the plane of the shell (Fig. 9.2,1, 1). 
Prismatic structure is extremely common among pelecypods. In fact^ prisms 
disassociated from tnoccramas are so common m many Cretaceous deposits 
that geologists record the prisms routinely as part of the lithology of a rock 



Figure P.2. Shell Structure. 
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and interpret them as presumptive evidence of the Cretaceous age of the 
strata which contain them. The luster of prismatic layers is normally rather 
dull, or chalky* 

In shells with a foliated structure, the calcium carbonate is arranged in 
thin micalike leaves which mostly are parallel to the surface hut also can be 
oblique or irregular (Fig. 9,2,3). Shells such as those of oysters, with lamella 
on the surface, are foliated; but so, also, are scallop shells, In which foliation 
is not very distinct in fresh material. Individual foliated layers may he as 
much as 0.1 to 0.5 millimeter thick. The luster of foliated material is moder¬ 
ately bright. 

Finally, shells with nacreous structure are characterized visually by the 
irideseem luster which gives this substance its common name; mother-of- 
pearl. Nacreous structure consists of alternating layers of calcium carbonate 
and organic material, each of which is only about t microti thick (Fig. 9.3.1). 

Mineralogically, molluscan shells consist of two polymorphic forms of 
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calcium carbonate—ealcitc and aragonite. These minerals can be detected 
with confidence only by optical or X-ray examination; hence! gross features 
are not of much assistance in their differentiation. Some shells are all cairitie* 
some are all amganitic, and others consist of both minerals. Foliated struc¬ 
ture is consistently caldtic* and nacreous structure is uniformly aragonitic. 
Prismatic structure may be either calcitic or aragonitic* although the caldtic 
kind predominates, Mincralogic constitution is functionally important be¬ 
cause it affects the state of preservation of molluscs. Aragonite is slightly 
more soluble in ground water than caldtc is: hence* aragonitie shells com¬ 
monly are less well preserved than calcitic shells arc. The effect of the dif¬ 
ference in solubility is revealed most clearly in chalk deposits* such as in 
western Europe, where aragonitie shells arc represented by molds in a matrix 
of calcitic chalk. 

Arrangement of layers both as to structure and mincralogic form can be 
very simple, but it also may be so complex that small taxa of shells may some 
day be characterized by physical peculiarities of their minute constitution. 
In general* however, shells consist of two or three layers, of which the outer 
one is always the periosiracum. The prismatic layer may or may not be 
present, but when it is. it generally lies just beneath the periostracum. If a 
third or innermost byer is present, it has either foliated or nacreous struc¬ 
ture. In other shells, layers with prismatic structure may alternate with layers 
of cither foliated or nacreous structure, In any case, foliated and nacreous 
structure never occur in the same shell, The foregoing intricacies can be 
simplified for some practical use because shells with largely prismatic struc¬ 
ture or foliated structure* or with combinations of both kinds, are less soluble 
than are shells with largely nacreous structure. Moreover* shells with a 
prismatic outer layer and a nacreous inner layer commonly will have lost 
the inner layer by solution. 

Structure and texture affect the three important groups of molluscs as 
follows. Pdecypods, having the must prismatic structure and ihe most calcitic 
constitution, are the best-preserved molluscs. Gastropods with very little 
caldtic or prismatic material tend to be rather poorly preserved. Voids left 
after removal of aragonitie material commonly are filled with granular 
caldtc* some of which may grow in crystallographic continuity with the 
matrix^ hence it may be difficult to remove gastropods from limestone. 
Cephalopods arc subject to the same solvent effect of ground water that 
gastropods are because cephalopod shells also arc largely aragonitie. For- 
tunarely, loss of the shell of ccphaI-pods enhances their value because it lays 
bare the patterns of the underlying sutures. In argillaceous sediments, how¬ 
ever, such as the Pierre shale in the northwestern Great Plains, cephalopods 
and other molluscs tend to retain not only their shells but even relies of 
the iridescent sheen which they reflected in Cretaceous seas. 
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Some molluscs lose ihe Lips of ibeir shells by solution during their lifetime. 
It seems that damage of the pcriosiraaim by abrasion or by activity of worms 
or other organisms enables solution to bring about a sort of decay, called 
erosion, of the calcareous substance. Erosion particularly affects the tips of 
gastropods and the beaks of pcleeypotk Erosion is greater in water with 
meager amounts of calcium salts than in lime-rich water and is greater in 
fresh water than in marine water, 

CLASSIFICATION- It is customary to divide the Mollusca into several 
Classes, which can be recognized primarily by the shape of the shell, when 
present. Actually, however, the names of the Classes were derived from die 
character of the fleshy part of the body which protruded from the shell 
(Fig. 9,1). Thus, gastropods arc “stomach-footed™ and cephalopods are 
"head-footed/* 

Class A. Amphineura, Shell consisting of eight dorsal plates. These are 
chiton^ or "coat-of-mail™ shells. 

Class B . Pelecypoda^ Shell bivalvcd. Clams, oysters, pecnenoids, and mus j 
sc Is belong to this class. 

Class C. Scaphopoda. Shell tapered and tubular. The only living forms are 
the "tusk-shells- 11 

Class D. Gastropoda. Shell spiral and not chambered. Snails, conchs, pert- 
winkles, and whelks are common examples. 

Class E. Cephalopoda. Shell mostly spiral and chambered, but some are 
straight and others lack a shell The pearly nautilus, squids, and die octopus 
belong here, as do a host of extinct forms. 

Class A, Amphineura 

The Amphineura are oval molluscs with a straight digestive tract, along 
each Side of which extends a nerve cord—hence the name of the Class, which 
means "nerves on both sides." The most readily identifiable amphineura ns 
are covered with a doru! carapace which consists of a single row of eight 
large, overlapping, calcareous plates, the edges of which arc embedded in a 
marginal mantle (Tig. 9-3) ■ Some other amphineurans lack the dorsal plates 
but bear calcareous spicules in the soft tissue. Amphineurans grow to be 
more than 6 inches (15 cm) Jong, 

Living amphineurans arc generally called chitons In affusion to their being 
invested m a cover like a tunic (Greek; chiton, tunic). Each animal is able 
to adhere firmly to a rock or shell by powerful suction exerted by the foot. 
When feeding, the chiton moves only short distances from its habitual rest¬ 
ing place and browses on the thin film of alga which coats the surface of 
the rock. An animal may not move from the same spot any farther than its 
own length during its lifetime. Plate-bearing chitons abound on rocky head- 
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lands in the intertidal zone where they are periodically exposed to the air + 
They al&o range down into deep water, but the plated forms always require 
a solid surface on which to attach themselves. It follows that presence of 
the peculiar plates generally indicates strong currents, exposed rock surfaces, 
and relatively shallow water in Recent seas. 

Chitons range from Ordovician to Recent, but are rarely an important 
part of a fauna. One puzzling occurrence is thdr abundant representation 
in a diverse marine fauna in mid-Pennsylvanian black shale in Illinois (as¬ 
sociated with the Herrin coal near Danville). Alternating widespread coal 
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swamps, floodplains, and very shallow continental seas supposedly dominated 
that region during the Medial Pennsylvanian, so perhaps some Amphineura 
lived differently then than they do now. 


Class B. Pelecypoda 

Pelecypods are bivalvcd molluscs which inhabit both marine and fresh 
water. They range in size from a few millimeters to about a meters in length, 
the largest heing Tndacna of the South Seas, Tridacna is notorious for the 
great strength with which it can close its valves and is reputed to be feared 
by pearl divers lest they be caught and drowned if valves should dose upon 
a hand or foot. Even specimens a foot long could be dangerous because the 
living shells are commonly embedded in coral reefs with the open portion or 
gape upward. 

Pelecypods can be grouped into three main categories, depending upon 
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their relationship to the substratum {Fig, 9^). Most of them normally are 
mobile, in which case they usually plough through the surfkial sediment, 
but a few, such as Peeten, can swim about for a few seconds. When partly or 
entirety buried, and not apt to move about much, they arc burrowing types. 
Burrowing pelecypods such as Teredo, the shipworm, attack wood, whereas 
other burrowing pelecypods, such as Pkoiadidea. penetrate solid rock. Most 
geologists learn early in their studies of the borings qf marine pelecypods 
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halfway up the marble columns of the Temple of jupiter at Pozzuoli, Italy; 
these burrows, of course, prove a cycle of marine submergence and emer¬ 
gence since the temple was built in classical times. Members of the third 
group, the sedentary pelecypods, attach themselves to some hard object 
etther during their entire life or only in youthful stages. Attachment can be 
through anchoring by means of one or more tough byssal threads, or attach- 
ment can be by cementing one valve to the substratum, as in the case of 
oyster*. 
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EXTERNAL FEATURES* The plane of symmetry in pelecypods passes 
antcroposteriorly as well as dorsoventrally, but the valves are right and left, 
instead of being dorsal and ventral ihc way they arc in brachiopods- Length 
is measured antcroposteriorly; height is measured dor so vent rally; and thick¬ 
ness is measured from right to left through both valves* The greatest con- 
vexity is located with respect to imaginary vertical or horizontal midluics* 
Valves which arc mirror images of each other and have the same convexity 
are said to be equivalved (Fig. 9,7,5. 7)+ whereas shells such as oysters, in 
which the two valves bear little or no resemblance to one another, are said to 
be inequivalved (Figs. 9,14; 918). If anterior and posterior halves of each 
valve are symmetrical as viewed from the side, they are equilateral (Fig. 
9.97), whereas a valve with more substance on one side of the midline than 
on the other side is said to be inequilateral (Fig. 9*9*6)* Pelecypods char¬ 
acteristically arc equivalved and inequilateral, whereas brachiopods are in- 
equivalved and equilateral 

The ventral and lateral edges of each valve below the hinge comprise the 
margin, the curvature of which is a characteristic feature in different groups. 
In some shells the anterior margin is pointed, whereas it is more broadly 
rounded than the posterior margin in other groups. The exterior of each valve 
generally culminates in a beak on the dorsal margin above the indefinite 
convex region near the beaks called the umbo (Fig. 9.6). If preserved, the 
minute, unornamented embryonic shell, the prodissocoiich (Fig, 9,14.1c), 
Is at the summit of each beak. Beaks generally curve up gracefully above the 
hinge but curve away from the plane of symmetry between the valves. If they 
lean across the hinge toward each other they are orthogyre (Fig, 9.97* 9), 
but if they curve anteriorly (the most consistent condition) they arc prosogyre 
(Fig, 9,6), In a few Centra such as Nuculana (Fig. 9,8.5) and Trigonia 
(Fig. 9.16.1) the beaks point posteriorly and arc called opisxhogyre; these 
unusual shells are apt to be distinctive. 

SCULPTURE- Both radial and concentric sculpture can be present on 
pelecypods, but concentric sculpture is much the commoner of the two. 
Growth lines* ridges, and protruding growth lamellae are the principal kinds 
of concentric sculpture. Radial ornamentation consists of lirae t costae, and 
plicae* in increasing magnitude of strength. If both radial and concentric 
sculpture are present the intersections of two elements may be marked by 
nodes. Moreover, spines may project above the surface from growth lamel¬ 
lae or from nodes. Intersecting ridges and costae produce canceUate patterns. 
It is customary in describing ornamentation to count the total number oE 
ribs which occur on a valve of given dimensions or to state how many ribs 
occur within some unit of length such as to centimeters measured at a given 
distance ventrally from the beak. 
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SOFT ANATOMY, The visceral mass of a pelecypod occupies about 
half of the interior of the valve and is located centrally; thus, the laminar 
gills hang down freely on both sides of the visceral mass within the branchial 
cavity between the visceral mass and the valves, Pelecypods are Site ^feeders; 
hence water is circulated over the gills and elsewhere between the valves by 
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Ktion of cilia on the gills (Fig. 9.5). Microscopic food particles are washed 
into the mouth by ciliary action and arc digested in an S-shaped digestive 
track. Refuse is washed away by the current of water between the valves. A 
definite pulsating heart connects arterial and venous circulatory systems con¬ 
taining colorless blood. The nervous system consists of several interconnected 
ganglia distributed about the body. Sexes arc either separate or combined, or 
2 creature may alternately change sex. After fertilization of the eggs a trocho- 
phore larva is formed, and this develops into a characteristic vcliger larval 
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stage. Thereupon the embryonic shell (prodissoconch) is secreted, after which 
the larva settles down on the substratum and assumes its more or less seden¬ 
tary habits. Attached pelecypods cither cement themselves down (Fig* 94.1* 
2} or arc anchored by tough byssal threads (Fig. 94,11-3) which they 
secrete. 

Among attached pelecypods circulation of water between the valves is 
possible when the valves are opened, hut in the burrowing forms it is neces¬ 
sary to provide some connection between the animal and open water. Ac¬ 
cordingly, the burrowing pelecypods extend their fleshy substance posteriorly 
as a pair of parallel tubes* the siphons. Water flows in the lower or inhalant 
siphon, circulates within the branchial cavity, and then flows out through 
the upper or cxhalaiit siphon. Thus, a buried animal may project the siphons 
out of the sediment into dear water or may retract the siphons by special 
muscles. Valves arc closed by adductor muscles. 

In general, pelecypods can be classified according to whether they have 
one adductor muscle like an oyster or scallop (monomyarian) or have two 
like a dam (dimyarUm) (Figs. 9.13.1; 9.1412). Among dimyarian shells, 
those with subcqual muscle scars are isomyarian, whereas those in which the 
anterior scar is much reduced in size arc anisomyariaiii It is generally be¬ 
lieved that dimyarian shells arc the generalized type and that monomyarian 
shells were derived from them by progressive reduction of the anterior 
part of the shell, including the anterior adductor muscle. 

fi n I. STRUCTURE* Pelecypods can be grouped into four main cate¬ 
gories which differ from one another in construction of the gills. Gilb consist 
□f sheets of fleshy tissue which hang down ventrahy from the sides of the 
visceral mass into the two branchial cavities. In most pelecypods the gills in 
each chamber are W-shapcd, with only the central apex of the W attached 
lengthwise along the roof of the branchial cavity (Fig. 9.5.3)* The outer or 
ascending lamellae of the W arc continuous with the inner or descending 
lamellae but arc merely folded back dorsal I y to become free along tbeir outer 
edges. 

The foregoing gill structure is thought to have evolved from the simplest 
condition known, in which protobrandiial gills arc just a pair of tufts in 
each gill chamber (Fig. 9.5.3). Extension of these tufts would first produce 
vertical curtain like lamallac and ultimately the standard W-shapcd filh 
branchial gill (Fig + 9-5.3). Reinforcement of the W-shaped gill by transverse 
connections between descending and ascending lamellae would lead into the 
third form or eubmeillbraaclual gill (Fig* 9.54)* Transverse connect tons 
either consist of insecure unions produced by intertwined cilia, or the con¬ 
nections become permanent columns of cellular tissue. In the last and most 
advanced condition* the gilb are reduced to the condition of a transverse 
plate (septibranchial gUl) which divides the branchial cavity into upper 
and lower portions (Fig. 9.5.5). Water is admitted into the upper or in- 


336 


INVERTEBRATE PALIONTOLOOY 


nermost chamber through perforations in the irs ns verse plate. Recognition 
of these four types is of paramount importance in the study of Recent pek- 
cypods; hence a special terminology for gill structures is widely used by 
specialists. 

INTERNAL SKELETAL FEATURES. The most striking feature of 
the interior of pelecypod valves generally is the division into a concave 
visceral area and a flat hinge area (Fig, The hinge area usually bears 
teeth and sockets and may overhang the visceral area as a shelf. The visceral 
area is marked by one or two adductor muscle scars, depending upon whether 
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the shell is monomyarian or dimyarian. In the dimyarian type the anterior 
adductor muscle scar is a slightly depressed elliptical area Just behind the 
anterior margin, and the posterior adductor muscle scar occupies the cor¬ 
responding position on the opposite margin. In addition, two or three small 
depressions near the large scars indicate the sites of attachment of retractor 
muscles which pulled in the foot or the siphons. The number^ shapes, po¬ 
sitions! and sizes of adductor muscle scars are of considerable taxonomic 
value. 

A narrow groove extending between the two adductor muscle scars and 
lying parallel to the ventral margin denotes the pallial line- In life the mantle 
hung free beyond the pallial line and only precipitated skeletal substances 
when it lay against die shell. In shells which had siphons during life the 
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trace of the pallial line is indented by a minor to distinct anterior bend just 
below the posterior adductor muscle scar. This pa Ilia I sinus records the space 
into which the siphons could be retracted when the: creature was disturbed. 
Inasmuch as the deepest burrowers needed the longest siphons in order to 
reach the surface, the depth of the pallia! sinus records to a certain degree 
the habits of the animal Moreover „ the pa Dial sinus lies in the posterior part 
of the shell, so it can be used as an infallible guide in determining orientation 
of sheik. Recognition of significant and unusual things such as opisthogyre 
beaks may be facilitated if it can be observed that the beaks point toward the 
end of a shell bearing a pallia! sinus. 

Interiors of shells rarely bear any kind of or na men tat ion > although scal¬ 
lops are an exception to this rule. Many pelecypods such as Venus have a 
row of tooth!ike crenillations just inside the margin of the shell Granulations 
help keep the valves in correct orientation by relieving the teeth of some of 
the strain. 

DENTITION- As in the case of the brachiopods,, teeth and sockets keep 
the two valves of pelccypods in opposition* Pdecypod dentition, however* is 
so wonderfully variable that it has acquired major importance in differenti¬ 
ation of various systematic categories of these bivalves. 

The most primitive pclecypods seem to have had poorly developed teeth 
and sockets—indeed, the ancestral forms may not have had dentition at all 
Their dental condition is called dysodont* Qualified authorities disagree as 
to the manner in which pcletypod dentition arose, but several hypotheses 
arc based upon the idea that crenuhtions along the hinge, or ends of ribs 
extending up to the hinge, provided the indefinite beginnings of teeth and 
sockets* According to one hypothesis the primitive dentition (disregarding 
dysodom dentition) consists of a row of similar teeth and sockets extending 
along the binge shelf (Fig, 9J9). This pattern is taxodont dentition, in which 
the separate teeth of most forms are oriented either at right angles or oblique 
to the hinge line. Authorities who believe that taxodont dentition Is primitive 
would derive the other kinds from taxodont dentition by progressive reduc¬ 
tion of the number of t^tth in each row, bunching up of teeth under the 
beak p enlargement of the few remaining teeth, and reorientation of a few 
teeth near the margins of the hinge plate so that they become more or less 
parallel to the dorsal margin of the shell 

Eventually a rather radial pattern of teeth and sockets arose, which is 
called hcicrodont dentition (Fig. 9-6)* Heterodont dentition is characterized 
by the presence of one cardinal group and two lateral groups of teeth. Car¬ 
dinal teeth lie immediately beneath the beak; anterior and posterior lateral 
teeth lie on either side of die cardinals in positions described by their names* 
Lateral teeth generally arc few in number and may even be lacking. There 
are three cardinal teeth in the right valve and two in the left valve in gen¬ 
eralised heterqdonts, but numerous modifications of the basic plan have 
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been described. Scver.il names have been proposed for special cases among 
variants and the same kinds of dentition have been given different names in 
different treatises (Ncumayr, [8K4; Dali, 1M9). Dentition is ack notv lodged 
by all students of pdecypods to be of major importance in taxonomy; there¬ 
fore Specialists have even devised shorthand met beds by which some different 
kinds of heterodont dentition can be described schematically. The two most 
widely used systems of dental formulae were devised by Stetnmann and 
Dtklcrlein (iHSS) and by Bernard and Munier-Chalmas (in Bernard, 1895), 
but both systems have been modi tied slightly by various subsequent workers* 
Systems of dental formulae arc useful to specialists but formulae require 
excessive concentration on the part of less dedicated investigators. The 
function of dental formulae can be served best by well-chosen illustrations. 

LIGAMENTS. The two valves of pdecypods arc held together by con¬ 
tinuation across the hinge of the flexible tough periostracum. Although the 
hinge margins of some pciccypods are straight, most dorsal lines of articu¬ 
lation in the group arc more or less curved and the valves tend to gape slightly 
along the anterior and posterior parts of the hinge ime when the valves open. 
If a thin sheet of periostracum lay across the hinge line, it would be torn 
when the valves opened. On the other hand, a thick shetL would keep the 
valves from opening; therefore, in most pdecypods the eonchiolin is con¬ 
centrated in a central location near the beaks as a thick but short block 
called the ligament ( Fig, 9*7)- Tile basic ligamental arrangement is analogous 
to that in which a circular door on a steel safe may be hung with one big 
hinge tangent to the edge. In most pdecypods the ligament is posterior to the 
beaks and is said to be an opisthodetk ligament (Fig. 9.7.5). Less commonly 
the ligament is prosod elk; that is, it is anterior to the beaks. In some pdccy- 
pods with nearly straight hinge lines the ligaments may occur on both sides 
of the beak; these are amphidetic ligaments (Fig. 9,7,7). Very commonly the 
ligament is concentrated as a thick welt in a groove (the escutcheon) posterior 
to the beaks. If an escutcheon is present, then there is likely to be a heart- 
shaped area (the lunule) devoid of ligament just anterior to the beaks. Per¬ 
versely, in a few forms (nuculoids) the lunule is on the posterior side of the 
beaks and true orientation of the valves is very deceptive (Fig, 9J). For¬ 
tunately, muculoids have a distinct pallia! sinus and their orientation ran be 
established beyond doubt. 

Inasmuch as the opposing valves of pdecypods arc held together by a liga¬ 
ment-,. changes in the habits of the creatures affect operation of the valves 
and nature of the ligament. In the position of rest the valves of pelcevpotls 
are slightly agape. I he ligament is located along the dorsal margin in a 
position such that closing the valves stretches the upper part of the ligament 
at the same time that the lower part h being compressed. The part subjected 
to tension is made of tough laminar conch mlin, whereas the compressed 
portion has a fibrous appearance because many acfcuhr crystals of aragonite 
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arc disseminated through it. In many pelecypods the compressible post ion is 
isolated as a resiltum in a special pit, the res [lifer, just ventral to or in line 
with the cardinal teeth (Fig, 9,7.8), When adductor muscles contract, the 
resiltum is compressed; and when the adductor muscles relax, the elastic 
resilium pushes the valves apart, A rubber stopper would function as a rc- 
silium if it were placed in the hinge of a door and the door was dosed, 
thus compressing the stopper. The axis of rotation of valves lies in the midst 
of the ligament dorsal to the teeth; hence the teeth serve as fulcra only when 
the ligament actually lies in the hinge line proper alongside the teeth (Fig. 
97 -T- 4 )- 

In its possible ancestral condition the ligament lay hidden within or ventral 
to the hinge line and occupied a resilifer; internal ligaments of this sort 
occur in young stages of pclccypods and persist in adult Pcctens (Fig. 9.13.1), 
Ligaments of many pelecypods consist of an exposed elongate band along 
the dorsal edge of the hinge (Fig. 9.7.6). This ali vincular ligament tie finitely 
seems to be a primitive stage from which some other ligaments were derived. 
Thus, multivincular ligaments consist of 3 scries of fibrous resilia and laminar 
external bands along the hinge line, each pair of which, thereby repeats the 
alivincular condition (Fig. 9.7.11). Ptrna has this kind of ligament. In its 
most advanced general condition, the elongate ligament develops an arcuate 
cross section and has been likened most appropriately to a C-spring. Pari- 
vincular ligaments of this kind arc borne by Cardin m and Mytilus, 

Area and some of its relatives develop a characteristic variety of the parivin- 
cul.ir ligament in which sloping cardinal areas above the hinge arc covered 
with fibrous layer, and successive laminar layers arc inserted at intervals in 
grooves on the cardinal area (Fig, 9.74, 7). Thus, when the conchiolin is 
absent, as in fossil shells, the former traces of the laminar layers arc visible 
as chevronlike slits on the cardinal areas. 1 his arrangement constitutes a 
duplivincular ligament. 

CLASSIFICATION. Systems of classification of pelecypods generally 
have been based upon gill structure, musculature, ligamental features, and 
dentition. Of these features, gill structure is almost useless for paleontologic 
purposes because the gilts leave no impression upon the shell and there is 
no general correlation between structure of the gills and either the mus¬ 
culature or the dentition. Nevertheless, paleontologists dealing with Cenozoic 
molluscs sometimes use classifications based in part upon soft structure be¬ 
cause representatives of the Families of molluscs with which they deal arc 
mostly still living. Importance attached to gill structure is reflected in the 
use of '‘Lamdhbranchia" by many systematise for the Class called “Pele- 
typoda" by other systematise. 

Muscle scars are helpful in classification, but there is rarely enough differ- 
ence in musculature of different dimyarian molluscs to divide them into 
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groups of general utility. It is convenient* however, to separate those pclc- 
eypods with notably anisomyarian (including monornyarian) muscle scars 
from those with isomyarian scars. 

Use of dentition for classification of pdccypods was promoted most as¬ 
siduously by paleontologists because teeth and sockets arc not only durable 
but are variable shell structures which lend themselves to evolutionary studies. 
In the past 50 years paleontologists and zoologists alike have carried forward 
studies of dentition until very elaborate terminology and denial formulae 
are in use. 

It is apparent that classifications can and do involve different kinds of 
variables. For reasons of consistency* systematise try 10 create classifications 
in which changes in one structural category are reflected in changes of names 
at the same taxonomic level* Thus* names of Glasses of Mollusca reflect the 
nature of the foot (hence, Pdceypoda)- Systems of this sort arc said to be 
coordinate classifications. On the other hand* in noncoordinaie classification 
the names of creatures at the same taxonomic kvt! arc based upon different 
kinds of features. The Orders of Pdceypoda used herein comprise a non- 
coordinate classification. 

Key to Oarers of Felecypooa 

L Isomyarian 

A, Dentition modem ....- Taxodonima 

B„ Dentition hefcerodont . .— Heterodontida 

II. Anisomyarian ....... Amsomyariida 

The 26,000 species of pclccypods have been referred to nearly 8000 Genera. 
Inasmuch as Linnaeus recognized only 15 Genera of pdceypoda* it is ap¬ 
parent that a great amount of descriptive work has been published on this 
group. One of the major problems encountered in identification of pdc- 
cypods is the extraordinary diversity of systems of classification. Between 
the levels of Order and Genus lie several intermediate taxa, the recognition 
of which requires more than casual interest in the Class- In short* pelecypods 
require more specialized study than is accorded most other groups of mega¬ 
fossils, Malacologies recognize the need for keys; therefore excellent out¬ 
lines have been prepared for many groups of pdccypods in many regions 
(Keen and Frizzell* 1953). The plan used herein is to describe some common 
groups in each Order* without trying to take up each of the 30 or more 
Super families which arc generally recognized. 

Order T. Toxodontidu 

AH peiecypods with taxodont dentition belong in this Order. AH taxodonl 
pdceypoda are also dsmyarian. Some of them have protob ranch gills and 
others have Jtiibrandi gills (Fig. 95.2,3). 
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Nuculoids. Nuculoid pelccypods have the usual two rows of taxodont 
tccth T in addition to which a distinct chnndmphorc lies beneath the beat and 
separates the two series of teeth (big. ^.S). More ihan 1000 species nf nuculoid 
pclecypods have been described. Some specialists consider that nucnloids are 
the only true taxodoms. 
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Ctennfonta (Ordoviaan and Silurian) is the oldest of the nuculoids and 
is one of the oldest of the taxodont*. J \ueula and AWW (Silurian to 
Recent) and Yoldm (Pennsylvanian to Recent) ate other representative 
Genera. Aaia js particularly interesting because it is a very easily recognized 
Genus with a significant geographic distribution. It flourished in the Indo- 
Paciftc faunal realm from Cretaceous to Recent and tended to live in die 
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northern hemisphere. The only limes Arilx occurred in Europe iverc during 
the Cretaceous and in the Pliocene. Students of geographic distribution have 
concluded that Actia migrated across the arctic polar region in order to oc¬ 
cupy its isolated position in the Pliocene of the Atlantic realm. 

Arcoids. Arcoid pel ecy pods are typically tnxodont and resemble nuculoids 
except that arcoids do not have a chondrophore (Pig. 99). The presence of a 
duplivincular ligament is a characteristic feature of many arcoids. This is 
the most; common and abundant group of taxodonts* with about 1300 living 
and fossil s|jcclcs known so far. The arcoids have been called the Prionodonta 
by some system idsts. 

It appears that arcoid dentition arose among arcoids from a form such 
as the Ordovician Cyrtodonia in which several long lateral teeth lay parallel 
to the margin of the valve (Fig. 9.9.1). From Devonian to Jurassic, arcoid 
dentition was characterized by that of Paralfcfodon in which the posterior 
part of the hinge plate bears three long teeth lying parallel to the hinge, but 
1 he short anterior teeth are inclined toward the ventral interior (Fig- 9,9,3). In 
Ncmodon (Cretaceous), however* all teeth are long and arc parallel to the 
hinge line. Cucullaca is typical of the group of Jurassic eo Recent taxodonts 
in which the long dimensions of lateral teeth on both the anterior and 
posterior sides of the hinge are nearly parallel to the hinge line* but the cen¬ 
tral teeth lie more or less at a right angle to the hinge line (Fig, 9.9.9). In all 
of the foregoing taxodonts the long teeth tend to slope outward and ventrally 
(or to lie subparallel to the hinge line) in a fashion termed divergent. 

A second group of arcoids is characterized by teeth which tend to slope 
inwardly and ventrally in a convergent fashion. Convergent patterns are 
thought to have evolved during the Mesozoic from Genera with divergent 
teeth such as Puraltetodon and Cucidlaca. In some instances teeth may be 
convergent at one place on a hinge plate and divergent at another, as in 
the possible ancestral type, CucuHxrx, Or the teeth may be chevron-shaped 
as in the Cretaceous to Recent Genus, Glycymcris (Fig. 9^9.^, 8), Size and 
number of teeth are also significant because there is a general tendency for 
the number of teeth 10 increase as the size of individual teeth decreases. Arca t 
the typical Genus (Fig. 9,9.6), has been subdivided into several Genera and 
^ubgcnera* some of which may extend back from the Recent to the Triassic, 
Thus, Bar burin (Fig. 994) is a well-known Cenozoic Genus with much 
finer external sculpture than is present in Area. In summation* almost all of 
the older arcoids had divergent teeth* but so many strains evolved from diver¬ 
gent to convergent that almost all arcoid pelecypods living today have con¬ 
vergent teeth. Modern arcoids developed explosively since the Cretaceous 
and have attained success such as to suggest that their convergent dentition 
is superior to that of the Paleozoic and Mesozoic arcoids. In this regard it 
is worth noting that nuculoids always have had dentition similar to the con- 
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vergcnt tyf?c of arcni Js and have been steadily represented in taxodont faunas; 
of course the imcLiluids did not pass through as marked dental evolution as 
the arcoids did. 


Order 2. Anisomyoriida 

Tile anterior adductor muscle of anise my aria n pelecypods either is much 
reduced in size or is Ltckmg so the shell is monomyarian, Foreshortening of 
the shells is accompanied by major changes in the soft anatomy. It has even 
been discovered that torsion of the visceral mass in some shells such as Pee ten 
has resulted in the two valves being dorsal and ventral instead of right and 
left* 

Dentition is a 1 wavs very simple, cither being unspcci&lizcd or reduced 
from that of more elaborate ancestors. If a very few unsymmetrically disposed 
teeth are present the condition is spoken of as dysodont dentition. If there 
arc a few long teeth parallel to the hinge line anterior and posterior to a 
central Jig a mental pit (res! lifer), the condition is spoken of as isodont denti¬ 
tion^ 

Loss of the anterior adductor muscle is coordinated with orderly changes 
in the shape of the shell among anisomyarians. Thus, pectenoids and my- 
tHolds both progress from conditions in which the beaks and umbenes lean 
forward (prosodine), through a condition in which each valve is essentially 
ct|uilateral (acline), to a condition in which the midumbonal line leans back¬ 
ward (opisthocline). 

Anomia (Fig, 9.10.7) exemplifies the ability of one animal to copy the 
sculpture of another shell to which it is attached. In this case the attached 
shell is said to have allutnorphk sculpture* Possibly allomorphic sculpture 
renders the attached form less visible to creatures which might prey upon it. 

Pamnomia (Fig. 9.10.8) is provided with a special notch (byssal foramen) 
for passage of the byssal threads and thereby resembles brachiopods with a 
pedicle foramen. 

Mytiloids, Mytiloid pelecypods have rather triangular shells which may be 
either equivalved or somewhat Inequivalvcd—the latter condition being most 
noteworthy in forms which lie on one valve (the right valve apparently being 
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preferred). The anterior adductor muscle is present in a much-reduced condi¬ 
tion in some forms, but is absent in most. Dentition is dysodont. Almost all 
myuloids are marine* but a few, such os CarbonicQla, inhabited fresh water 
during the Late Paleozoic (Fig, 9,19.3), 

Mytiloids are represented in the Ordovician by Modiolopsis (Fig, 9.10,3)* 
but the group did not become important until the Devonian* when Modio* 
morpAa and Ehc myalmoids arose; then the mytibids began a spectacular 
increase in diversity and numbers. By Pennsylvanian and Permian time 
Mydma and its relatives had become major rock-makers in the midcontlnent 
wlierc they built shell banks analogous to those formed by oysters in Recent 
seas. Their morphologic changes during the Late Paleozoic are increase in 
size, development of a posterior extremity along the cardinal margin* slight 
inequilateral development of shells, and change in obliquity (Fig. 9.1s). This 
last factor can be recognized best by visualizing the positions occupied by 
the imaginary, curved, mid um bona I line which follows the greatest con¬ 
vexity of the valves. Several groups of myttbids evolved along parallel lines, 
as shown by the rotation of the mid urn bona] line from a forward to a back¬ 
ward inclination. That "is to say, the shapes of the valves progress from pra- 
dine through aclinc 10 opisthocline with the passage of time. Moreover, these 
stages can be detected in the ontogeny of a species by tracing the various 
growth fines on a mature specimen. Concordance of stratigraphic series* 
morphologic series, and ontogenetic series among species of Myalina is 
interpreted as evidence of evolutionary history. 

Paleozoic mytibids did not survive into the Mesozoic. Instead, their place 
was taken by oysters and by the group of mytiloids of which Mytituf (Trias- 
slc? to Recent) is the standard example (Fig, 94,13). Mytilus, the edible 
mussel, attaches itself to the substratum by means of lough byssal threads 
and may accumulate in large clusters, all tied together with these threads. 

A well-known possible relative of the mytiloids is AuctUa (sometimes 
called Buthia) which migrated into Indo-Pacilk regions from the north 
during the Jurassic and Cretaceous (Fig. 9.10.5), 

Pectenoidi The pectenoids, including the scallops of commerce, consti¬ 
tute one of the most important of all pclccypod groups. In general the shells 
are subcircular, with a straight hinge margin. It is likely that the hinge 
margin is really anterior because of downward rotation of the ancestral dorsal 
hinge margin during evolutionary loss of the anterior adductor muscle scar. 
Nevertheless* by convention* systematise consistently illustrate pcctenoid 
shells with the hinge margin up and refer to its position as dorsal. The shells 
are commonly sncquivalved or opposing valves are differently sculptured. 
Shells range from proclitic to aclinc and opisthocline, hut the umbones arc 
consistently procline. Dentition consists of a triangular rcsilifer under the 
beaks and of one or two elongate teeth parallel to the hinge line in the isodont 
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pattern. The large muscle scar lies just behind the center of the shell. Pecte¬ 
noids range from Silurian to Recent, with about 30 Genera known from 
Paleozoic rocks, and jo from the Cenozoic when pectenoids reached their 
greatest diversity. 

PeetcJioids possibly arose from Rhombopleria (Silurian) or a very similar 
form (Fig. 9,12.3). By Mississippian time they were reasonably abundant, 
being represented by two divergent types, Pterinopecten and Auiiulopcctcn. 
The latter Genus is the most common Paleozoic pectenoid, and ranged 
from Mississippian into the Early Mesozoic. Strtbhckotulna (Fig, 9.124) 
and Pscttdomonotit (Fig. g.12.3) arc two other important Paleozoic Genera, 
the former being notable for its opisthocline shape. 

Modern kinds of pectenoids, typified by Pectcn itself, appeared In the Early 
Mesozoic Era and became increasingly diversified and abundant during the 
Cenozoic Era. In general the true pectenoids are characterized by the presence 
of a distinct anterior auricle set off from rhe main part of the right valve by 
the byssal notch (Fig. 9,13). Pectens are attached to the substratum, at least 
in their early stages, by byssal threads which are cradled in the byssal notch. 
Shells always lie on their right valves during the attached period; hence it 
is natural for the deeply indented notch to be confined to the lower or right 
valve. There is no corresponding notch below the anterior auricle of the 
ieft valve. Some Pectens become free-living after their early attached stage, 
but they still arc oriented with their right valves downward. They can swim 
along wildly erratic courses by rapidly clapping their valves together while 
they eject water from first one side and then the other of the shell margins. 
Apparently their orientation is governed by a row of pigmented spots around 
the edge of the mantle: the spots are merely lighi-sensiiivc and are not capa* 
ble of being focused like an eye. When Pectens remain attached to the 
substratum into maturity, the inner apex of the byssal notch may bear three 
or four spines which are jointly referred to as the ctenolium. A ctenolium 
serves as a comb to keep byssal threads separated as the shells shift about 
on their leashes. Absence of a ctenolium in fossil material presumably in¬ 
dicates that the animal led a free-living existence, 

Most pectenoids bear radial ornamentation, but a few such as the soollcd 
paper-shell Pectens are smooth or retain only concentric sculpture (Fig. 
9,«2.S). In general there is correlation between coarseness of ribbing and 
agitation of water; the coarsely rihbed forms occupy the turbulent environ- 
ment near shore. Considerable importance is attached to details of surficial 
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ornamentation in identification of Pcctcns. KLl>j may be numerous or sparse* 
wide or narrow, secondarily striate, separated by smooth interspaces or by 
ribbed interspaces, round, flat-topped,. or grooved. Even ihc ornamentation 
of the anterior auricle is important in the taxonomy of pectcnoids. Interior 
surfaces may be smooth, furrowed, or variously ribbed either in conformity 
with external features or in different patterns. It is customary tn refer all 
of the Ccnozojc forms to the Genus Pectrn and to refer the smaller groups 
of species to Subgencra. Subgencric names arc always placed in parentheses 
wlicn following generic names. Thus, Pcettn {Pcacn) includes ail true 
members of ihc Genus PtcUn with planoconvex shells, strong ribs, and sub¬ 
equal cars (Fig. 9.12*11). Peettn (Lyroptclcn) is biconvex, has striate ribs 
and a strong auricle (Fig. 9.12.9* 10* 12), Pteten (Pscudamurium) tends to 
have concentrically ornamented right valves and radially ornamented left 
valves (Fig, 9.11.8). In this fashion about a dozen subgeneric names are 
commonly used by paleontologists, particularly in the Coast Ranges of Cal¬ 
ifornia where the pccteiioids are of great practical importance in field work. 

Osireoidi Oysters were among the most important rock-makcrs from the 
Jurassic period to the Recent. Gstreolds typically arc cemented to the substra¬ 
tum in life, although some become free after an early attached stage. Inasmuch 
as ostreoids conform rather closely to the configuration of the bottom, they 
are extremely variable in external form. It is therefore advisable, if not 
absolutely necessary* to have several specimens at hand when identifying a 
species. Size and shape of ligamental pit, concavity of the attached (almost 
invariably the left) valve, and position and shape of the muscle scar are all 
useful in identification. Surfaces may be costate or plicate* but most arc 
smooth or Ja mellow. 

Most Recent oysters live just below the low tide zone, but they have been 
reported in water as deep as 600 feet. It is assumed that fossil ostreoids pre¬ 
dominantly lived in very shallow water. They now inhabit normal marine 
water but also flourish in brackish water and even can tolerate fresh water 
for short intervals of time. Ostreoids are known from supposedly brackish- 
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water deposits in the Cretaceous System oE the western interior. Assumption 
of a cemented habit originated among the ostreoids in the Early Mesozoic- 
Qstrta ranges from Jurassic to Recent* but the more than iodo species arc 
generally difficult to identify. Qstrea man from California and Ostrea gravi- 
gesta from japan are interesting because they share honors as the biggest 
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oysters ever to live. These two Late Miocene species were a foot and a half 
long (6o cm) and contained about a quart of living animal tissue. 

Some species of Ostrca were plicate, and individuals of one strain became 
so intricately plicate that they arc segregated as the Subgenus AUctryonia 
{Triassic to Recent* with its greatest flare in the Cretaceous, Fig, 9-14.2, 3)* 
Grypkaea is a common world wide Jurassic and Cretaceous Genus (Figs^ 
9.14 j 6^ 9-15). It is ostreiform, but the beak of the large, sessile, curved* left 
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valve tends to arch up and to overhang the small, fiat* right valve. Four main 
trends can be detected in the evolution of Gryphaem diminution of the area 
of attachment and duration of attachment to the substratum; increased arch¬ 
ing of the kfi valve; increase in size; and increase in the thickness of the 
shells. Their evolution presumably reflects the adaptation of GrypAaca to 
increased availability of calcium carbonate and the necessity for compactness 









CHITONS, PEIKCYPODSj AND SCAPHOPODS 


ass 

and efficiency. Morphologic series have been erected for several strains of 
GrypAaea which portray remarkable similarity in their develop mem even 
though the different strains lived at different times. Inasmuch as members of 
each of the morphologic series can be arranged in corresponding develop¬ 
mental and stratigraphic scries, they are probably illustrative of actual evolu¬ 
tionary stages. The lineage of Gryphaea \ncnrva, for instance, seems to have 
sprung from Lioitrea irregularis y with which it is associated in the Lower 
Jurassic of England (Fig. 9.15). Liostrca irregularis has a large area of at¬ 
tachment but the left valve curves through only about one-half volution. 
Right and left valves are equally long. In a slightly higher stratigraphic 
position Gryphaca dumordm appears with its small area of attachment and 
about til fee-quarter volution. Moreover, the beak of the left valve projects 
wdl beyond the beak of the right valve but does not overhang the right 
valve. At a still higher stratigraphic position the trends are much more ad¬ 
vanced in Gryphaca cbliquata. The area of attachment is reduced to a 
tiny spot at the beak, the left valve curves through about 1 volution, and the 
beak of the left valve overhangs the right valve. In even higher strata 
Gryphaca incurvs has no area of attachment and the whole beak and umbo 
of the left valve arch 1% volution over the right valve; in fact, the beak of 
the left val 1 ve is so close to the right valve that the valves could barely be 
opened. Naturally, further evolution by increasing the curvature would have 
Jed to extinction as it did in some other strains* but the most advanced and 
strat [graphically highest specimens of C. incur tw added new calcium car¬ 
bonate only to the anterior margin of the valves and even reversed the long- 
established curvature so that sof: parts were not sealed off from circulation 
of water* 

Figure 9,15 also shows three frequency curves for the distribution of curva¬ 
ture in successive populations of Gryphaca. In addition, the vertical line on 
the illustration merely indicates the position of the only recorded curvature 
for G. dumortieri; the line presumably would be expanded into a frequency 
curve like the others if data were available. Curves for G. obliquata and G. 
incurea* however, definitely overlap, indicating that some specimens in a 
population dominated by G. incurva have as few volutions as the most 
arcuate specimens in an underlying population dominated by G. obliquata. 
Intergradation such as this is the result of continuous variations operating 
through an appreciable increment of geologic time. The duration of evolution 
depicted in Figure 9.15, for instance, was about four or five million years. 
Incidentally, the G. incurva stock did not evolve particularly rapidly, for 
paleontologists are able to recognize about eight zones based upon various 
groups of fossils while the four or five members of this stock were evolving. 

It is customary to explain overspecializations such as are exemplified by 
Gryphaca as the operation of natural selection. Gryphaca, however, carries 
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the principle of ovcrsperialization to incredible extremes because the phe¬ 
nomenon is repeated in several other strains at different times and in different 
places. Paths which are apparently onhogcnciic and which are repeated by 
numerous strains of animals have been called program-evolution by some 
writers. For program-evolution to operate as a result of natural selection 
(orthoscLectitm, if you wish), it seems probable that each of the unusual 
series of forms should have been adapting itself to some changing physical 
conditions. Moreover, inasmuch as several different strains evolved in the 
same way, it is likely that they should all reflect some common environmental 
factor. Insofar as sediments arc concerned, however, there does not seem to 
be anything much in common among the different strains, for the animals 
lived on sandy, chalky* or glauconitic substrata. Of course, it is possible that 
the animals were adapting themselves to some feature not reflected in sedi¬ 
ment type. It is also possible that we do not understand why natural selection 
operates* or even that natural selection may not be the key to organic evolu¬ 
tion of the type characterized by Gryphaea. 

Exogyra is another Jurassic and Cretaceous Genus which resembles 
0 sirca, Exogyra differs from Gryphaea in having the beak of the left valve 
strongly twisted over to one side so that it docs not overhang the right valve 
(Fig. 9.14.4)* This twisting seems not 10 have been any great advantage, 
however, for Exogyra and Gryphaca have almost exactly the same geologic 
range, geographic distribution, and environmental adaptation. Exogyra and 
Grvphaea are the Mesozoic forerunners of Qsirta in ability to form shell 
banks. They both are present in astronomical numbers in many Cretaceous 
strata on the Gulf Coastal Plain and occur far north on the Atlantic Coastal 
Plain* One species, Exogyra ponderosi a, characterizes a 7 jo ne that has been 
traced with very few* interruptions over a distance of 2500 miles, from New 
jersey into Mexico, 

Order 3, Ueterodcntida 

Hcterodonts are dimyarfan pclecypods whose dentition is not taxodont. 
Specifically, the heterodents arc apt to have strong cardinal teeth and weak 
lateral teeth. Moreover* gill structure is of the eulamcllibranch type. Members 
are burrowing or free-living for the most part Siphons normally are present. 
This group has been referred to as Eukuicllibranrfna or as Tdeodcsmaeea 
by some specialists. Most pclecypods belong to the Hetcrodontida, In fact, 
the group is so large and so diverse that only a few of the most important 
forms are mentioned herein. Keys and voluminous literature are needed in 
order to study this great Order, 

Veneroids. The common clam* Venus (Fig. $j6), and other well-known 
Genera such as Piiar and Ckionc are veneroids* According to one count, 186 
Genera of veneroids w^ere known as of 1936; possibly several thousand species 
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arc known. The group extends from Jurassic to Recent and contains many 
valuable guide fossils. 

Trigonioids. Typical trigonioids are large triangular shells with radiating 
costae and radiating rows of nodes. In some cases radiating sculpture occurs 
in association with concentric sculpture. Cardinal teeth are unusually prom¬ 
inent, 

Trigoma (Fig. 9,16.1) is typical of a score or more of Genera in the group. 
About a thousand species have been described. The group has been repre¬ 
sented sporadically from Silurian to Recent + but was most important and 
distinctive during the Jurassic and Cretaceous. 

PhoUdoids* This group is noteworthy because of its unusual habit of 
boring into sediment, rock, shell, and wood, Burnta and Pholadidea arc 
characteristic, rather normal-looking shells, but the shipworm, Ttredo, se¬ 
cretes a calcareous tube as a lining for its borings in wood (Fig. 9.17). About 
ten Genera are known, the oldest of which arc Mesozoic. Fossil borings are 
sometimes assigned to the Genus Tertdolitcs. 

Rudistoids. One of the most interesting groups of fossil pelecypods con¬ 
sists of the peculiar and aberrant shells called rudisioids (Fig. 9.18), Rudi- 
stoids appeared during the Jurassic and attained explosive evolutionary 
proportions during the Cretaceous, but they became extinct at the end of the 
Cretaceous Period. During their history they rather consistently occupied an 
oceanic belt extending along the course of the old Tethyan geosynchne from 
die East Indies westward to western Europe, then reappeared across the 
Atlantic Ocean in the western hemisphere in a region including Colombia in 
South America* the Gulf Coast of the United States, and the West Indies, 
Rudisioids were important reef-making organisms as, for instance, in Texas, 
where they characterized die offshore facies of Cretaceous sediments. Other 
reefs were located in tiaja California, near Ensenada. The northernmost 
Cretaceous rudistoids have been collected near Los Angeles on the Pacific 
Coast* from the western interior (Pierre shale), and from near the Oklahoma- 
Texas state line. In the Jurassic, however, rudistoids such as PiuMtosiytut 
{Fig. 9.18-4) lived as far north as Oregon, Cretaceous rudistoids have even 
been dredged from flat-topped sea mounts in the center of the Pacific Ocean 
1000 miles west of Hawaii. Over 30 Genera of rudistoids have been described, 
most of which are only locally distributed. 

Rudistoids were attached to the substratum hy the apex of one much- 
elongated valve. So-called normal rudistoids are attached by the left valve 
and have two large teeth in the right valve and one tooth in the left valve. 
Normal rudistoids gave rise during the Late Jurassic to inverted rudistoids 
which are attached by the right valve and have one Urge tooth in the right 
valve and two teeth in the left valve. Subsequently both groups evolved 
along parallel courses involving loss or modification of teeth and sockets. 
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loss of the ligament, and extreme elongation and increase in general size 
(gigantism)* Moreover* the inverted strain became characteristically straight 
and erect* whereas one or both valves in the normal strain were spirally 
twisted. As the ligament decreased in importance the teeth became modified 
into Jong prongs. Eventually the ligament was lost and the upper valve was 
opened and closed solely by muscles. The free upper valve was guided into 
place by an association of Jong prongs, the di thrum (Fig. 9.18.5, 6), which 
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consisted of greatly elongated teeth* Increase in size involved not only elonga¬ 
tion but an astonishing increase in volume and weight. So-called caprinids 
were the first mdistoids in which longitudinal chambers were developed 
in the middle layer of the shell* but eventually the trend toward vesicular 
structure of some sort was reflected in growth of alt rudistoids. In some 
rudistoids the chambers are randomly oriented* but in others the chambers 
lie in horizontal layers or in radiating rows* In the last case the grooves on 
the exterior surface of rudutoids match the positions of the radial chambers 
and resemble structure of corals so closely that rudistoids have been called 
coralline pelecypods. Creation of internal vesicles (Fig. 9.18.1b) enabled the 
size of rudistoids to increase very rapidly with the most economical distrlbu- 
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lion of solid skeletal substance. Accordingly, the mdisloids increased in 
length from a few inches to one giant, Titanosarcakief, from the Cretaceous 
of Jamaica, which stood 5 feel high. Other Genera arc Hippunies, Corallio- 
ch&nw, Rcquienia, and Radiotitcs, 

Rudlstoids bear a remarkable resemblance to Paleozoic corals with, dissepi¬ 
ments and to the unusual Permian brack iopods such a* Prone kthofema 
whose conical pedicle valves are lined with vesicles. 

Card bids, Cardioid pelecypods are characterised by peculiar dentition in 
which lateral teeth enroll about each other to such an extent that the two 
valves cannot be separated w ithout breaking the teeth. Tooth structure of this 
sort commonly is referred to as cyclodont dentition- CarJmm (Fig. 9,16^) is 
the standard example, but it has been subdivided into more than 50 Genera 
and Subgcncra, which all together contain about 2200 species. 

Nonmarine Pelecypods- This group consists mostly of the unionoid 
fresh-wattr petceypods. Typical representatives such as Unh (Fig. 919.7) 
have coarse cardinal teeth which resemble teeth of the trigonioid*. The 
occurrence of Carbulu and Corbicula (Fjg, 9.194, 6) in some Cretaceous 
strata of the western Interior seems to indicate that a fresh water or brackish- 
water environment existed locally in the Rocky Mountain geosyncline, 
Unionoids also are known from non marine Tertiary deposits in western 
North America. 

During the Carboniferous, fresh-water unionoids and even some mytitoid 
pelecypods were common in various countries; they have been studied in 
greatest detail in the British Isles, France, Germany, and Russia. Important 
representations of non marine pelecypods arc also known in Devonian and 
Carboniferous deposits in the eastern United States and In southeastern 
Canada. Anthmuomya, NainditeSp and Curbonicola are well-known Penn¬ 
sylvanian Genera which arc widespread (Fig. 9.19.1-3}. Pre-Pennsylvanian 
occurrences of non marine pelecypods have all been questioned, but there is 
no question of the abundance of nonmarine pelecypods in the Pennsylvanian. 
Zon nitons based upon nonmarine pelecypods are notably consistent in distant 
regions, even though it does not seem that pelecypods could be transported 
from one body of fresh water to another very readily. 

Class C. Scaphopoda 

Scaphopods comprise a relatively unimportant group of molluscs in the 
fossil record. All members bear a curved tubular shell which is open at both 
ends and generally expands gradually from the narrow posterior end to the 
broad anterior end (Fig. 920). In a few forms the anterior portion is slightly 
tapered so that the shells are enlarged medially. A characteristic slit is pres¬ 
ent at the posterior end of most scaphopod shells► Scaphopods are sometimes 
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called "tusk-shclk," bye their resemblance is more to fangs of venomous 
snakes than to tusks of mammals; hence it is a hit surprising that some 
dramatically conceived common name is not applied to the shells of scapho- 
pods. 

In life the animal lies with most of she shell burled in sediment on the 
ocean floor, lire posterior part of Lhe shell projects from the sediment at an 
angle and is oriented with die concave side of the curved shell upward 



Figure 9>20r $(!Q pTin podo. 
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o Laeoza Durhivriv 1056- 2 aft*r and WflrtHip, 1373. 3, 7 *ft*r Clark, H ol. r 

im. 4-6 afla/ H^tidtrion, 19J0. S altar Wh«i H , 1S77> 


(Fig + 9.20.1). A cylindrical or trllobed foot projects from the aperture and 
serves as an effective digging organ. Water circulates in and out of siphons 
in the posterior end and carries away refuse and reproductive bodies. No 
gill is present, so respiration takes place in the walls of an elongate pall in I 
cavity. An effective radula is present. Scaphopods generally inhabit sandy or 
silty areas in shallow water, but they have been dredged from 15+000 feet 
(5000 m)* 
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Scaphopoda are usually placed between the Pclecypoda and the Gastrop¬ 
oda in classifications because a scaphopod has the bilateral symmetry of ihe 
pclecypods and a raduU such as is present among gastropods. The earliest 
embryonic shell is bivaived, but the adult shell is univalvcd* 

Scaphopods range from Ordovician to Recent but arc almost never com¬ 
mon. Dentalium, with prominent longitudinal ribs, is the most character- 
istic scaphopod (Ftg- 9-20.* 4). It is something of a form Genus to which 
all sorts of scaphopods have been referred. Plagwgiypia is a nearly smooth 
form from the Late Paleozoic* and Cadutus is a smooth form which extends 
from the Cretaceous to the Recent. About 500 Recent and fossil species are 
know'ii} and these are distributed through 39 Genera* 


QUESTIONS 

lx How can you explain mixtures of Osina with Unia? How can yon explain 
alternation of Osina and Unio in successive strata? 

а. What climatic significance should be attached io the occurrence of rudtstoids 
in the Jurassic of Oregon? 

3. What evolutionary theory accounts for the sudden appearance of rudistoids, 

4. What bearing doci the geographic distribution of Cretaceous rudistdds have 
upon the theory of continental drift? 

5. How is habit reflated in shell structure and morphology? 

б. What similarities are there between ontogeny of a Permian Myaiina and 
stratigraphic scries of species in this Genus? 

7, In view of the nature of the earliest taxodont dentition, did it reflect traces 
of external concentric or radial sculpture? 

8, How do Anomta and Pcirocrania resemble each other? How do you explain 

this? , £ 

9, What agents and prtxesses brought about the widespread distribution of 

Carboniferous fresh water pelccypods? 

10, Why are chitons placed hrsL in the sequences of molluscan Classes, W hy arc 
scaphopods placed after pelecypods? 
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PHYLUM XU. MOLLU5CA (Continued) 


Class D, Gastropoda 

Most gastropods arc enclosed within coiled shells called conchs, but some 
gastropods occupy straight or erratically shaped shells, and others such as 
some of the slugs may not have shells at all. Gastropods are as diversified 
and abundant as pelecypods, and in addition they arc more adaptable than 
the pelecypods arc. Not only do some gastropods rest on the substratum in 
marine or fresh water, but they also are represented by floating groups and 
have even evolved into terrestrial or air-breathing strains. The number of 
names of living gastropods in 1949 was divided among 31,643 marine, 24,503 
terrestrial, and ^765 fresh-water species. In addition, thousands of species of 
fossil gastropods have been described. Paleozoic species alone have been 
referred to about 450 Genera, In general, the numerical importance of gastro¬ 
pods has increased with the passage of time; hence, they are most useful in 
paleontology studies of Ccnozoie rocks. Possibly 30,000 species of gastropods 
living today may eventually be discovered as fossils in strata as old as mid- 
Tcrtiary, In addition, it is possible that an equal number of mid Tertiary 
species have existed which have neither survived to the Recent nor have 
been discovered as fossils. Even so, gastropods and brachiopods comprise the 
most abundant groups of invertebrate animals which paleonologlsts ate 
able to study. 

Recent gastropod conchs range from microscopic tubes which compose 
ooze tn abyssal depths* to a targe conch of Strom bus which attains a length 
of abr>ut a foot. Most conchs. are an inch or so (2 10 5 cm) in length. Possibly 
the largest gastropod was D.nocochUa, which is found in Lower Cretaceous 
fresh water or brackish-water sediments in England. This spiral shell reached 
a length of 7 feet 3 inches (izi cm) and a diameter of 12.5 inches (32 cm) 

370 







SNAILS 


371 


at (he body whorl. It would have been about 60 feet long if it could have 
been unrolled. Some difference of opinion exists,, however, as to whether 
Din&irQchlea is really a mollusc or is a concretion, burrow, or relic of some 
unknown organism* 
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Conchs of typical gastropods (Fig. 10.1) consist of an expanding tube en¬ 
rolled through a series of volutions or turns into a spire. That part of the tube 
represented by one volution is a whorl, and adjacent whorls are in contact 
along a suture* The last whorl, which contains most of the viscera, is the 
body whorl The Latter may be expanded into a large part of the entire 
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ccmch and support iht spire on its upper portion. The apex (pl r apkes) which 
terminates the spire of a conch is posterior and the opening or aperture of the 
body whorl is anterior, 

SOFT FARTS. The body rests upon a more or less flat muscular font 
on which the animal crawls (Fig. joj). Dorsal to the foot is the head, w hich 
bears one or two pairs of tentacles and eyes. Inside the conch and surrounding 
the visceral mass is a fleshy lining (mantle) around an open pallia! cavity* 
J he pallia! complex inside the pallia! cavity consists qf one or two gills 
(ttemdia) and one or two special organs (osphradia) which are used for 
testing the quality of water circulating through the cavity* The intestine, 
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kidneys, and reproductive duct all open into the paliinl cavity. J n some forms 
one or two siphons control flow of water in and out of the pallia! cavity. 
The mouth is commonly furnished with an effective radula. in addition to 
which a pair of chtunous jaws may be present. Most of the viscera normally 
remain within the spiral conch, but even the extended portions of the 
viscera can be withdrawn to the conch at will. During theit withdrawal a 
retractor muscle first pulls in the sensitive head and then the foot, after 
which a chitmous or calcareous operculum attached to the foot slides into 
place and clones die aperture. 
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Sexes m some species are separate* but both sexes jfc contained within 
a single individual in other groups. If sexes are separate there may be sonic 
difference in size and shape of conchs belonging to individuals of opposite 
sexes (sexual dimorphism)* but these differences commonly are too slight to 
he recognized offhand. Fertilization of eggs is interm)* and the fertilized 
eggs are either laid or arc retained within a brood pouch until they mature# 
Trachophore and vcliger larval stages are present, and 3 capshaped dorsal 
shell, the prot0conch T is secreted during early cmbryobgic development 
(Fig# fo. 10.1-4). Although the protuconeh consists ai first onl) of coachiohn H 
it is soon lined with calcium carbonate on its inner surface* Protoconchs 
are always smooth# In later embryolugic stages a spiral conch with two to 
four whorls may be formed, after which the embryo either haichcs trom ihe 
egg or emerges from a brood pouch. The entire embry^riic conch, including 
the protoconch and the larval whorls, is the nucleus, The later whorls in the 
nucleus are generally smooth like those of the protoconeh hm in some cases 
they bear taint ornamentation. As in the case of the proto-ranch* the remainder 
of the nucleus may consist for a time of conch iojin., hut coachiolin rarely 
persists uncaldfied Into adult stages. For a while it *35 thought that all 
gastropods with similar nueEci were related., but this view is ao longer held 
because it has been found that gastropods with dissimilar structures com¬ 
monly have similar nuclei. It does appear, however* that the nucleus sup 
plies a due to the habits of gastropodan larvae. Thm, persistently horny 
nuclei are associated with pelagic existence of the larva*, and inflated nuclei 
with thin walls belong to larvae svhich seem to be restiicied to deep water, 
no matter in what Family they occur. Geographic distribution o£ some 
gastropods no doubt is materially improved by the retention of a pelagic 
habit for some time before the increase of weight attendant upon calcifica¬ 
tion of the horny nucleus forces the creature to assume it5 normal bentbonk 
existence. 

Perhaps the most characteristic feature of gastropods b thdr bek of sym¬ 
metry. Asymmetry is shown to a certain extent in the organization: of the 
soft parts (Fig, 10.3). Gastropods almost certainly were derived from some 
bilaterally symmetrical molluscan ancestor (Fig. io.j.i) _ The hypothetical 
ancestral form probably had a straight digestive track* * pair of gilts on the 
posterior end, and a bilateral nervous system. If a shell were present, it 
may have had a central perforation. As soon as gastropods began to be con¬ 
fined within shells which were open at only one end (Fig. ia.3.2) it was 
necessary for the posterior end to swing around anteriorly to provide free¬ 
dom of Function for the anus and gills- The first C-slupcd bending of the 
body, which was normally in the doraventral plane, is called the flexure. 
Thereafter some gastropods also underwent a lateral t&rfion in which the 
anal opening and the right etc nidi um swung up 180 decrees in the counter¬ 
clockwise direction from ventral to dorsal and occupied 1 position above and 
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to [he left of the head (Fig* 10*3*6)* Eiscntinlly all gastropods underwent 
flexure, and most of them also were affected by torsion. Amazingly, a large 
group of gastropods such as lire slugs have passed through a stage of detor¬ 
si on in which the mouth and anus are located at opposite ends of a straight 
digestive tract, just as was supposedly the case in the ancestral form. In 
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detorsion, however, the loss of morphologically left soft parts indicates that 
the animal has been derived from ancestors with torsional bodies (Fig. 
10.37), Soft parts of many other gastropods represent stages of partial de- 
torsion, in which the posterior organs habitually lie upon the right side of 
the visceral mass. 
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As torsion takes place. the morphologically left organs tend to be aborted, 
resulting in a notable tendency for modification of the symmetry, in its most 
advanced condition torsion involves loss of one gill, one kidney, and even 
one auricle of the heart, hut the duct of the aborted, topographically right 
(but morphologically left) kidney is retained as the genital duct (Fig. 10.3.7). 
Zoologists have recognized die changes in the soft parts brought about by 
tnrsinn as being of major taxonomic value. In those gastropods which are 
not affected by torsion or which have undergone deters ion, the two visceral 
nerves are disposed in a simple loop (Fig. 10.3.3, ?)« whereas torsion twisted 
the loop of visceral nerves into a figure K (Fig. 10,3.6). The former gastro¬ 
pods are called euihyneurans and the latter arc referred to as streptoneurans- 

Dorsal and ventral in gastropods are ordinarily ignored in paleontologic 
work because of the monumental confusion with which these terms arc 
endowed as a result of flexure, torsion, and coiling. It is generally customary 
for esthetic reasons to illustrate conch j with their apices (posterior ends) 
upward, even though most other animals arc oriented with the anterior end 
upward. 

COMPOSITION AND STRUCTURE OF CONCH. Conchs of gastro^ 
pods differ structurally from valves of pelccypods because conchs rarely 
contain much prismatic or cakitic material. Lamellar and nacreous structure 
predominates, and aragonite is the most comtnon mincralogic constituent of 
conchs of gastropods. Unfortunately, aragonitic structure militates against the 
chances that gastropods can be as well preserved as are some other molluscs, 

SHAPE. If gastropods bear any trace of a shell at all, it is almost sure 
to exhibit some trace of coiling. Only a very few gastropods have straight 
or sinuous, conical, uncoiled shells. Coiling takes place independently of 
flexure or torsion of the soft parts. It is presumably an easy as well as an 
effective method of imparting strength and compactness to an otherwise 
elongate body. Spiral growth can lake place according to different plans, 
but most methods necessitate geometric increase because the soft parts 
grow wider as well as longer. A characteristic gastropodan plan enables 
spiral growth of shells to be governed by logarithmic progression. This simply 
means that shells seem to increase in size at a disproportionately rapid rate. 
In fact, whorls of some gastropods soon reach the maximum possible diam¬ 
eter for convenient accommodation of the soft parts, so most of the animal's 
energy is devoted to increasing the thickness of the shell instead of the 
length. The pattern of logarithmic increase of conchs is seen best on spiral 
opercuh (Fig. 10.9.7} and in the plan view of an aha lone (HMiotfa) shell 
(Fig* 10.4.10). Successive whorls may barely touch earlier whorls, or the 
shapes of whorls may be adjusted somewhat in order to conform to the 
exterior of earlier whorls. In cither of the foregoing cases the whorls are all 
visible externally and die conchs arc said to be e volute (Fig, 10.4.14-16}. If the 
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most compact coiling method is employed and logarithmic growth is evi¬ 
dent. the last whorl completely encompasses the carl set whorls and the conch 
is said to be involute (Fig, 104,1, 9. 13 b 

Coiling takes place in two different ways, depending upon the orientation 
oE the axis of coiling. In its simplest form, [he shell is .1 cup*shaped proto¬ 
conch which grows anteriorly and vent rally and thereby starts to coil in one 
plane around a horizontal axis. If somewhat less than one volution is present, 
these shells are patellifornn (Fig* 104.3). Continued coiling for several volu¬ 
tions in one plane produces pLimspiral con eh s. Some essentially planispirai 
shells are discoidal (Fig. 104,2) but others are globose (Fig. 104,!)> 

The second method of coiling involves twisting around a vertical axis but 
not in one plane. Whorls grow forward along the projected trace of a helicoid 
spiral and produce a more or less pyramidal conch which typifies these 
helicoid conchs. It is customary to describe the dupe of spires of helicoid 
conchs in terms of the apical angle T which is determined by the intersection 
of two lines tangent to the upper whorls of the spire- and by the pleural 
angle* which is the angle between two lines tangent to the last two whorls 
of a eonch (Fsg, 10,1,2), Among die descriptive terms applied to helicoid 
conchs are trochifonn, tuxbinifomi + (uniform, auriform^ obovaie* abconkah 
natkold, vermiform, fusiform, and pupatform (Fig* 1044-17), 

Helicoid conchs mostly arc generated along clockwise spirals; that Is, they 
rotate to the right when viewed down upon the apex. The same conch, i£ 
viewed laterally with the apex up. wilt have the aperture on the right side. 
These right-handed conchs arc said to be dextral, whereas conchs which 
spiral to the left are said to be sinistra! (Fig, 10x3a, 3b),Species with normally 
dcxtral conchs may be represented in a population hy a few sinistra! conchs. 
A sinistral individual in the foregoing case is probably produced by an early 
embryo logic accident in which, for instance, the ,J left-handed" cell at the two- 
cell stage becomes separated from its dominant Hf right 4 ianded n counterpart. 
Uncommon sinistral shells are not significant taxonomieally because they do 
not represent genetic strains or evolutionary change. On the other hand, 
populations consisting mostly of sinistral shells should be considered on 
statistical grounds to represent □ genetic strain in which left-handedness has 
become dominant. 

One of the most remarkable trends in the Animal Kingdom is for some 
Recent gastropods to become progressively coiled until they attain, say, a 
turriform shape; but then they produce progressively more loosely con¬ 
structed w p horls until the whorls not only separate along the sutures, but the 
anterior part of the conch grows aimlessly away from the spire. For some 
reason the growth patterns of vermiform gastropods become increasingly er¬ 
ratic with advancing age (Fig. 104.3, &)■ One Genus oE vermiform gastropods, 
Sptroglyphus (Fig, 104.7)* 3 useful marker in Tertiary strata^ Incidentally, 

it was originally described as a worm tube, so is truly vermiform. 
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In some conchs the whorls diverge and die axis of coiling Hes free in the 
open center (umbilicus) of the spire. These are phaneromphalous conchs 
(Fig. 10,5.1-4), As the pleural angle decreases, the inner edges of the whorls 
necessarily move closer and closer to the as is of coiling until finally they 
touch each other, producing anomphabus conchs which lack an umbilicus. 
Or the umbilicus may be lined with secondary deposits of calcium carbonate 
which tend to produce the anomphalous condition* In some gastropods an 
inner Lip covers the axis and it is not possible to decide whether the conch 
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is phaneromphalous or anomphalous; hence die conchs are said to be eryptom- 
phalous (Fig. 10.5.5). Anomphalous conchs apparently evolved from 
phaneromphalous conchs. If shell substance about the axis of coiling be¬ 
comes iniergrown into a compact axial rod (columella), the conchs are said 
to be cplumdlait* Most co lamellae extend in a straight line along a straight 
axis (Fig, 10.5-6}; but if the axis of coiling is slightly helicoid, then the col¬ 
umella is helicoid and appears in lateral view* of broken or sectioned shells to 
consist of a series of oblique or tn ccMon segments (Fig, 10,5,7). 
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The gastropodan protoconch resembles the patelliform stage of p! an i spiral 
gastropods. let many gastropods the primary conch is planispiral but the 
animal secretes subsequent whorls on a helicoid plan. Naturally there is a 
right-angle twist in a whorl at the place where the axis of coiling changes 
from horizontal to vertical. This bend is taken to indicate (because of ap¬ 
plication of the Law of Recapitulation) that hclocoid conchs evolved from 
p]anispiral ancestors. In some cases as many as three helicoid whorls may 
lie along a horizontal axis at the apex of a conch, but subsequent helicoid 
whorls may be secreted about a vertical axis. 

APERTURE. Apertures probably arc basically circular in cross section 
but they almost always are modified into some other shape. The free margin 
of the aperture is the outer lip and that part of the margin which abuts against 
the preceding whorl is the inner lip* Sometimes it is convenient to differenti¬ 
ate the inner Up into a parietal Hp which is that portion in contact with 
a preceding whorl and a columellar lip which is that part which lies against 
the columella. The outer lip may be curved in profiles straight, or angular 
because of a shoulder on the whorl. The location of the inner lip commonly is 
clarified by the deposition of a thin layer of laminar calcium carbonate., the 
inductura, over the area. In many instances the deposition □£ calcium carbo¬ 
nate on the inner lip continues until a thick patch, the callus, is formed. The 
callus may extend axially until the umbilicus is partially or completely ob¬ 
scured as if a wad of wax were squeezed onto the area (Fig. 10.5.5). This 
condition, of course* characterizes cryptomphalous conchs. 

If the margin of the aperture is delimited by smooth curves without notable 
indentations it is entire (Fig. 1Q44). Smoothness of this kind docs not pre¬ 
clude the presence of an outwardly directed flange (reflected lip, Fig. 10.6.3) 
or inwardly directed flange (inflected lip, Fig. 10.6.1). On the other hand* the 
margin may be indented more or less sharply where a siphon protruded from 
the body whorl. If the indentation is deep, it is a notch (Fig. 10.4.16), and 
if ii is extended as an elongate groove it is a canal (Fig. 104a i), One large 
group of gastropods bears, about midway on the outer lip, a slightly depressed 
groove (sdenizone) which marks the former position of the notch (Fig, 
10,13), In conchs with a selcnizone the rectum bung out of the notch as a 
slender tube. The anterior notch or canal is occupied by the meurrent siphon 
in siphon ate gastropods. The posterior notch serves for extrusion of the 
rectum or for the excurrent siphon* or for both together* In general, siphonaic 
gastropods arc carnivores, whereas nonsiphonate gastropods arc vegetarians, 
but the distinction is not consistent* Notches and canals tend to become in¬ 
creasingly more deeply incised into the margin of the outer lip during the 
growth of an individual. By application of the principle of recapitulation 
one may conclude that gastropods with notches and canals evolved from 
groups which did not have them. 
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Perhaps the most extravagantly developed notches occur in FissureUa and 
Hniiotts. In FissureUa there is no notch in very early larval stages, but 
there is 3 very elongate slitlike notch in the anterior margins of the conchs 
of late larval forms (Fig, 10.7,1a). In the most advanced larval stages the 
slit for the excurrent siphon has been closed off by fusion of opposite sides 
of the slit along the margin of the conch, forming a perforation or trema 
(Fig. j0,7.1b, ic). With additional growth the trema is enlarged by resorption 
until it may encompass regions formerly occupied by the larval conch. An 
adult conch of FissureUa (Fig. ,o.7.td) bears a perforation at its apex and 
resembles a little volcano. 

In Nations a succession of holes is developed during growth, somewhat 
as the trema of Fistureila is fnrmed (Fig, 10,4.10). Oldest holes arc scaled off 
progressively with shell material as growth continues, so nnly a few holes 
are functional at any one time. In HaliatU the posterior hole bears the anal 
tube, and die several anterior holes bear fingerlike projections of the mantle 
which arc associated with the gills. 
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The aperture, as viewed in plan view, has a characteristic shape, ranging 
from circular and elliptical to quadrate, triangular, or slitlike- Moreover, the 
apcrtural outline miy differ from youth to maturity; hence, in the detailed 
study of gastropods, it is helpful in many cases to cut a conch in. half down 
the axis. In this way the nature of either the umbilicus or of the columella 
becomes apparent, in addition to the shape of the whorls* As growth pro¬ 
gresses, there seems to be a tendency for soft parts of many gastropods to 
withdraw anteriorly from the apical region or to leave only a trace of the 
visceral sac in that region. This change may be necessitated by actual in¬ 
crease in the size of vital organs during growih of the individual. In any 
case, some gastropods partially fall in several whorls in the apical region 
with ridges of skeletal tissue disposed in characteristic patterns. Some ridges 
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on the inner side may extend forward into the aperture as one or two colu- 
mcHar folds (Fig. ro.6,i). In the most advanced condition, such as is found 
in Nerinaca (Fig. 10.8.5), ridges traverse outer as well as inner surfaces of the 
whorls. In a few gastropods (Fig, 10.8.1) the apical whorls arc constricted by 
introduction of blister like vesicles with calcareous walls along the sides of 
the whorls in a fashion very similar to the deposition of dissepiments in 
rugose corals. In still other gastropods (Fig. lo.B.a) the apical portion net 
only may be abandoned, but it may even be deliberately broken off during 
the lifetime of the individual by being rapped against a rock; this process of 
loss of whorls is decollation- In Caecum the apical portions are sealed off by 
transverse partitions (septa) prior to decollation (Fig. 10.8*3), Decollation 
is particularly noticeable in some terrestrial and in some brackish-water 
gastropods; moreover, it has also been reported by Barrande in 34 species of 
cephalopoda 17 gastropods, 3 scaphopods, and 1 pteropod. 
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Internal whorls of some gastropods such as Conus may be reduced in 
strength by resorption. If this process is very extensive, as in the case of 
Ofovciia, the columella and internal pans of the whorls may disappear* leav¬ 
ing large axial cavities for the viscera. It is apparent that decollation and 
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the retractor muscle is attached to the flange (Fig. iq.8.6 t 7)* Ultimately the 
flange and inner portions of die enlarging callus extend like a false columella 
from top to bottom of the interior cavity of the conch. The flange and callus* 
however, He athwart the space through which the viscera must pass as the 
animal grows forward; thereforr p the neritids have evolved into a paradoxical 
situation in which some calcium carbonate is deposited on the front of die 
callus while other calcium carbonate is being resorbed from back □£ it- The 
process has been likened to that in which a man digs out the floor of a shack 
in order to raise the roof. 

OPERCULUM, Several unrelated groups of gastropods possess means of 
closing off all or part of the aperture after the soft parts have been withdrawn 
into the conch. They may seal themselves of! for protection against enemies, 
or they may protect themselves against dehydration during a dormant period. 
Thus, when terrestrial snails become dormant during dry summer weather 
they are said to be in estivation (hibernation is dormancy in the winter.) The 



IV bo 


Notica 


Viifipun/j 


Ampulla™, TurrHtHe Uttorina 

FigUn 10,0 L GfMKutaL 

I. Eiltmal njrfoco spf tspett ulum oF Turbp rhvrfasrammitM* TX, Miacinf, Florida, 2- Ex*#rtap 
Mfrtacv of lip-erculum dF NdIJco pneunuf, 3X. FJertda. 0, txtirjpf iurj»* 4^ a 

«rfi«avi speculum of Vj-ripai-u-j I^lrfiriul. T 1/2X P iR«c*nt. 4. Salidfiad oF CtfGt&p*o 

IX, Ordovician, Appaladiiani, OLrachiinj. ond 5. AmpuliariQ tp. In lining potion 

witli ep+nrulum ot r«r ond brnndiral iJphon *xl|nd*4 *0 kfl, UC H*«*nt. i. riirn'ftfJo ip. 
3ft Uvir\Q flfld boaring a mullLipiral cprnroui op*reulura r tX F Ji*C*fll. 7 L Exftrrfir of 

operculum of tifldrPfl 2X, (EtcartE. 

(1 nfrffir Do|j r 1K92. 2 oflir Go^rfnir, 1V47, 3 oFftr Wwdring, Bound y, and Fafitt^grth, 

1937. 4 afliir Bum, IP26, S ofP«f Woodward, 1BSQ. A Groft 1342. 7 aFi*r Woodward 

1BA0.J 





304 


INVERTEBRATE PALEONTOLOGY 


land snails secrete over the aperture a mass of calcified mucus which dries to 
form an epiphiagm. Return of moisture softens the cpiphragm and the snail 
resumes its activities. 

The common hinds of durable apenural covers consist of conchiolin. or 
of calcium carbonate, or of the two substances together; any one of these 
structures is an operculum, Qpercula are almost restricted to those gastropods 
in which there is an outer calciuc layer of the conch T In cases wherein the 
operculum is preservebie, it may be shaped or sculptured in such a manner 
that it is useful in identification of species. Some opercula, however, are 
merely smooth elliptical plate* Others commonly consist o( a spirally en¬ 
rolled plate with an inner fiat side and an outer convex side. Convex sides 
of opercula may bear intricately contrived ornamentation which facilitates 
Identification (Fig. 10.9). The opercular spite, incidentally, always is gen¬ 
erated in the direction opposite to that of the conch, 

Opercula may be useful stratigraphic markers* as, for instance* in the 
Lower Ordovician from Oklahoma to Tennessee where several zones of silict- 
ficil opercula of Ccraiopeij are recognized. Incidentally* the conchs into which 
Cerasopca might fit have not been found with the opercula. In several oil 
fields in California one Pliocene faunal zone is characterized by the presence 
of numerous opercula belonging to Sptef, Inasmuch as ronchs do not occur 
with Scvlrz, the opercula were thought for a long time to be scales of fish— 
hence the generic name. Opcrcub might be separated from eonchs by cur¬ 
rent action, in addition to which the difference in chemical and minerabgic 
constitution of the opcrcub and concha might affect their chances of preser¬ 
vation. 

ORNAMENTATION* Variations in ornamentation are of major im¬ 
portance m identifying gastropods and in understanding the evolution of 
some strains, In a sense even smooth eonchs are ornamented because they 
bear growth lines which record faithfully the former margin of the outer lip. 
Growth hues are very useful to a taxonomist because the fragile body whorl 
need not be preserved in order for a paleontologist to reconstruct the outline 
of the aperture. Growth lines may extend across the exposed surface of the 
w horl in a single arc or in S shaped curves called sinuses (Fig. 10.17.1-7). If 
the curvature of a growth line is convex in the direction o£ growth die arc 
represents a spiral slims, whereas it is an amispiraJ sinus if it is concave for¬ 
ward. Moreover, a growth-line angle can be measured between the axis of 
the conch and a line connecting the two exposed ends of a growth line on 
a whorl. 

Ornamented eonchs bear one or both of two main kinds of ornamentation 
(F.g. ion). Spiral ornamentation consist of fine to coarse ribs which con¬ 
tinue forward in the direction of growth; that Is, the ribs lie parallel to the 
sutures. On the other hand, transverse ornamentation consists of ribs which 
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extend across the whorls more or less parallel to the growth lines* that is* 
approximately at right angles to rhe sutures. In numerous instances both 
spiral and transverse ribs are present cm the sume conch. Naturally, it is 
necessary to modify the word "rib" with “spiral" or with “transverse" in 
order tn make dear which kind of ornamentation is being considered. 

Spiral ribs arise from irregular!ties in the margin of the mantle and pre¬ 
sumably strengthen the sheik Although an adult whorl may bear numerous 
spiral ribs, the early whorls bear fewer and fewer fibs; thus, it is very im¬ 
portant to see the apical whorls of a conch in order to determine how many 
and in what order die first spiral ribs appear. It commonly develops that only 
one to three primary spiral ribs are present. 

Transverse ribs apparently arise from variations in the rate of forward 
growth of the outer lip. As in the case of spiral ribs, the nuclear whorls may 
be smooth, after which spiral ribs appear. Some transverse ribs project away 
from the shell as prominent flanges (big- 10.17*8). Presumably the trans¬ 
verse ribs also strengthen the concha 

Increased complexity of ornamentation commonly represents interplay be¬ 
tween spiral and transverse ornamentation as is shown by two species on 
Figure io,jo r In Figure 10,10,9 the protoconch and whorl 1 are smooth. Be¬ 
tween whorls V and VII distinct spiral ribs and weak transverse ribs are de¬ 
veloped. In whorl X the transverse ribs are as strong as the spiral ribs; hence 
the pattern is reticulate. Moreover, the Intersections of the two kinds of ribs 
are surmounted by a node; therefore this pattern can be termed nodose* 
reticulate. In another species (Fig, 10.10.10) the protoconch and whorl 3 are 
smooth as in the foregoing case. In whorl V p however, a strong set of trans¬ 
verse ribs has arisen. These are joined by spiral ribs at whorl VII and the two 
combine to produce a nodose - reticulate pattern in whorl VIII. Although 
sculpture of ihe mature whorls of both illustrated species is remarkably 
similar, the tw r o sculptures were derived in very different fashions; they thus 
epitomize the concept of convergence in evolution. Even gastropods of very 
different geologic ages and of no genetic relationship may resemble each 
other rather closely because of convergence. 

Nodose-reticulate sculpture is she acme of complexity, but evolution pro¬ 
ceeds even further in many gastropods by modification of that pattern* Thus, 
one or both sets of rib* may diminish in strength* leaving a dominantly 
nodose sculpture. In some cases the process of simplification goes so far that 
all trace of sculpture is lost and the mature whorls resemble the protoconch 
(Fig. iO.io-ii, 12). Causes of retrogressive evolution 4 ueh as loss of sculpture 
can only be explained by discovering why natural selection began to favor 
different qualities. For instance; reduction in strength of ornamentation would 
produce relative lightness in adult stages and also less frictional resistance to 
water, substratum, or vegetation. 
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Smoothness may also be brought about by encasing mature whorls in sec¬ 
ondary skeletal layers when mature conchs are partially invested by the 
mantle. In this case the change in smoothness is presumably associated with 
altered habits in which increased weight of the conch is advantageous. 

The rate at which new sculptured features are added to over all patterns 
varies in different species. Nodose-reticulate pattern is attained by whorl X 
in Figure 10.10,9, it I s attained by whorl VIII in Figure icmg.io. A 
speeding up of the rate of change in this fashion is acceleration. Acceleration 
reflects the tendency of sculptural patterns to occupy earlier and earlier 
whorls in the ontogeny of specimens in a genetic strain. For example, purely 
transverse sculpture occupies only one whorl or less in the nucleus of Figures 
10.10a and 10.10.4. Ultimately there can be so much crowding of patterns 
hack into early ontogentic stages that some of the patterns are eliminated* 
Thus, when a nodose pattern is the first sculpture to appear on the nucleus 
(Fig. iq. 10.3) it suggests that earlier ribbed stages have been crowded out* 

On the other hand, one pattern may persist on several whorls an unusually 
long time in some species. This is retardation. As in the case of acceleration, 
retardation presumably reflects adaptation of conchs to changing environ¬ 
mental requirements, but retardation does not necessarily have any bearing 
on the evolutionary history of the species. In fact* the eElects of both accelera¬ 
tion and retardation are major obstacles in the quick interpretation of the 
evolutionary history of gastropods. For a while biologists hoped that gastro¬ 
pods would provide indisputable proof of the Theory of Recapitulation. 
After all t developmental stages of conchs are exposed for inspection, and the 
stratigraphic record provides evidence about the general evolutionary suc¬ 
cession of forms. General evolutionary patterns of gastropods seem Lo be 
manifested by increasing complexity of sculpture, followed in some cases by 
loss of ornamentation. If the Theory of Recapitulation operated with mechani¬ 
cal consistency, the early whorls should bear the same ornamentation that 
adult whorls bore on ancestral forms. Acceleration and retardation are so 
widespread among gastropods, however, that ontogenies are not always 
clearly apparent on spires, nor can an isolated species always be placed ac¬ 
curately in the evolutionary fabric of similar gastropods by study of orna¬ 
mentation. Nevertheless, experience has shown that ontogenetic studies can 
be of great value in grouping some gastropods into genetic scries. In Tur- 
ntella, for instance, all ornamentation consists of spiral ribs, but the ribs arise 
according to different plans in the nuclear whorls. Four genetic groups are 
illustrated by typical species of TurriuBa in Figure 10.10.5-S; nuclear whorls 
arc, respectively, bicostate, tritostatc, mwocostate, and cingulate (bicostate 
but with a broad depressed region between ribs). Mature sculpture of species 
from different groups may be similar, but juvenile sculpture is consistently 
different. 
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CLASSIFICATION, Zoologic classifications of gastropods can be quire 
satisfactory for study of Recent conchs* but they are rather unsatis¬ 
factory if applied to fossil conchs* except in cases in which there is such 
close correlation between shapes of fossil and Recent conchs that it is saEe to 
assume that soft anatomy of fossil and Recent gastropods also was the same. 
On the other hand, paleontologically inspired classifications are too inexact 
for use by zoologists. In the face of ihc foregoing incompatibilities it is likely 
that fossil gastropods arc the most difficult organisms to classify in pale¬ 
ontology + 

Subdivision of die gastropods into readily recognized categories which bear 
consistent genetic relationship tvith one another seems to be impossible. There 
is so much convergence in shape and ornamentation that one Subclass cannot 
even be distinguished in all cases from other Subclasses. Fortunately, a wealth 
of published material is available to which the interested person may refer. 
Moreover, some useful keys of great regional importance are available, as, 
for instance, the key published by Keen and Pearson (1952) for the Pacific 
Coast, 

The dependence oF paleontology upon zoology is possibly never shown 
more dearly than in the following key to Subclasses of gastropods. Compre¬ 
hension of relationships among great groups of gastropods is based upon 
understanding certain fundamental structures of soft parts. 

Key 10 Subclasses of Gastropods 

L SymmeTrtcal soft parts (mostly assumed) , , Protogastropoda 

IL Asym metrical soft parts 

A, Streptoncuran ... Prosobranchia 

B, Euthyneuran 

1. Gill present (brgdy marine) . . Opisshobranchia 

a. Gill absent (largely terrestrial) . . ,.Fulmcmaia 


SUBCLASS 1. P ROTO GAS T R 0 POD A 

Protogastropods bear simple, patelliform, and mostly planispiral conchs 
with almost entirely symmetrical conchs and soft parts. The apices of some 
conchs referred to this Subclass are inclined anteriorly instead of in the 
posterior directum customary to other gastropods. Extinct representatives of 
the group ranged from Early Cambrian to Permian, and (here is one Recent 
species. Try&Udinnt (Ordovician and Silurian) is a rather well-known Genus, 
It has long been supposed that gastropods arose from a bilaterally sym¬ 
metrical ancestor because they exhibit traces of hi laterality, as in the structure 
of the head, nervous system, and in seme cases in other organs (Fig. 10.3), 
Recently, 13 specimens o£ a living spedcs of mollusc were dredged from a 
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depth of almost i^otso feet (3590 m) off the Pacific coast of Mexico. Soft 
anatomy of these creatures supports the hypothetical contention that there 
is a group of bilaterally symmetrical molluscs with patelliform shells. Thus, 
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the Subclass Protogastropoda must be extended into the Recent. These 
abyssal Recent protogastropods have been named Ne&pilimi in allusion to 

their similarity to PiUna from the Silurian (Fig. io.n,6 ¥ 2)- 

Muscle scars arc not impressed into the thin shell of NcopUim. but five 

pairs of strong muscles connect the foot to points on the shell at the sites of 
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the five pairs i>f gills. These muscles and gills correspond remarkably well 
to the five small pairs of muscle scars in TrybUdiam and in Archacophiah 
(Fig* lOriT.i, j). Other patches of muscles around the A-shaped oral struc¬ 
tures of Ncopilina conform to the pair of large muscle scars seen in the 
foregoing fossils. There is a nephridium at each gill An auricle serves each 
gill and two ventricles are present—the whole circulatory apparatus therefore 
being bilaterally symmetrical. Externally the apex of the shell bears a dcxtrally 
coiled protoconch of one and one-half whorls. Although some paleontologists 
think that coiled gastropods arose from pateUiform ancestors, it would appear 
from the nature of the protoconeh that Ncopitma represents a somewhat ad¬ 
vanced stage in the evolutionary development of shell form. Neopilina may 
have lived with the shell down and the gills uppermost, inasmuch as respira¬ 
tion seems better assured if this attitude is assumed; also, most of the 
apical portion of the conch is devoid of incrusting organisms* as if it were 
embedded in sediment. 

A second species of Ntopilim was dredged from 19,14a feet (6380 meters) 
off the coast of Peru by the Columbia University vessel* Verna, in 1958* Four 
sped mens were recovered that retained their soft parts. This species differs 
from the original species in having six pairs of gills instead of five pairs* 

SUBCLASS 2, PRQSOBRANCHfA 

Pmsobranch gastropods comprise those in which flexure and torsion have 
brought: the posterior part of the body which bears the gills forward at first 
and then over the anterior portion until the gills lie near the anterior end of 
the body (hence, M pmsobranch^ meaning “gill in front"; Fig. 10.3.5* 6)- 
Moreover, only one gill usually is retained after torsion* The torsion which 
makes these gastropods prosobranchs naturally also makes them Jtreptm 
neurans. 

Almost all commonly observed gastropods are prosobranchs* except for 
most land snails. The Prosobranchia are largely marine, although many 
fresh -water representatives are known and a few air-breathing prosobranchs 
have been described. Some gilhbearing marine prosobranchs such as 
iorirra can invade the subaerial environment for short periods of time. Most 
of the strictly air-breathing prosobranchs have lost Lhcir gills just as the 
Pulmonata have, but intermediate forms may retain remnants of a gill or 
may carry on respiration with a gill and a lung simultaneously. Thus, in 
Amputlaria, water can be circulated through a gill chamber, and air can be 
taken into a pulmonary chamber through a snorkellike tube which can be 
extended out of the water {Fig. iQjg.g). 

The bewildering array of pmsobranch gastropods is herein divided arbi¬ 
trarily into general groups in order to illustrate the main kinds of variation. 
No evolutionary or genetic significance should be attached to these groups. 


SNAILS 


391 


AH together* at least iota Families of prosobranchs are known, and these may 
comprise several thousand Genera and tens of thousands of species. 

Some systematise find it convenient to divide the prosobranchs into three 
genera) groups on the basis of shell features more or less in line with a classi¬ 
fication adopted by Thiele (1931)* Thus, archacogastropods bear a sckmzone, 
mesogastropods have entire apertural margins, and ncogastropods have 
notches or canals in the margin of the aperture. Unfortunately, the three fore¬ 
going groups are not consistently exclusive on other grounds; hence* the 
separation is not used herein. 
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Fatclloick Patelloid gastropods include many cap shaped tonths and 
some other kinds which are not distinctly planispiral or helicoid (Fig, 10.12). 
Fitmrelln and Paiclia (Fig, 104.3) arc common Recent Genera which are 
known from Tertiary rocks. In Crepidula a horizontal shelf extends across 
the posterior half of the shell Crttcibuium bears an extra little conical skeleton 
inside the large pateUiform outer shell- One Genus of Miocene pate]loid 
gastropods* Emurginula {Fig- 10.12.2), is characterized by the presence of a 
slot in the margin of adult conchs and therefore resembles early growth 
stages of the living Fissurdla described before (Fig. 10,7). Patelloids charac- 
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t critically fasten themselves to rocks on barren headlands and manage to 
survive temporary exposure in the intertidal zone during low tide. 

The patelliform shape characterize* adult conchs in various groups of 
gastropod*, and it is widely present as the initial shell at the dps of many 
protoccmchs, Perhaps because of this tatter phenomenon* many biologists 
believe that pateiliform gastropods may be ancestral to numerous other 
gastropods. There dries not seem to be any significant relationship between 
soft parts of Protogastropoda and pateiliform prosohranchs, however* and 
therefore the pateiliform shape may be nerely an adaptation of no genetic 
significance. 

Plcurotomarioids. All member* of this group have a deep notch on the 
outer lip and a selenizone on the surface of the conch to mark the former 
position of the notch as it became filled in with shell material (Fig. io.13). 
Conchs arc mostly helicoid spirals, but HaHoiis (Fig, tu^io) is broadly 
convex. HorwiGioma (Ordovician and Silurian) s Bembfxi# (Devonian), 
Glu&rotwgtfltim (Mississippian to Permian), and Ptcuroiomana (Recent) 
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are typical Genera. The pleurotomarkuds reached their culmination in 
diversity during the Paleozoic and were once thought to have become extinct 
during the Tertiary Period; however, living specimens were discovered in 
the middle of the last century. Possibly 1500 species of fossil pkiirotomariokb 
arc known and about half a doz.cn living species have been described. 
Pleufotomarioid gastropods are thought to be rather primitive* 

Bdlerophomoids* Plan [spiral conchs with marginal slits range from 
Ordovician to Triassk and include some of the most primitive gastropods. 
BdlcrQpkon (Ordovician to Triassk) and Euphcmitcs (Mississippian 10 
Permian) have globose conchs with daring apcrtural rims (Fig. 10.14,1, 2)* 
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Bellerophonto id conchs are precisely planispiral; hence they typify the exact 
bilateral growth termed isostrophic. According to some views belleropho molds 
arc very primitive gastropods which share features with the patclloids and 
the plcurotomarioids. Bdlerophontoidsj for instance, have a notch like that 
of the plcurotomariotds, although the orientation of soft parts in the conchs 
may be different (no soft parts of beilerophontoids are known). Similar but 
bier planispiral conchs, such as occur in Cretaceous to Recent fresh-water 
deposits, belong to the F'ulmonata. 

Stiaparobids. Straptirolut (Silurian to Permian) is typical of nearly 
planispiral but really discoidal gastropods (Fig, 10.14.3), There is no notch 
in the rim such as is present among the beilerophontoids. Spires are very 
low and conchs are widely phaneromphabus, Whorls vary In cross section 
from circular to those having an angular shoulder, Straparoloids occur in 
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strata as old as Cambrian, They are usually placed among the primitive 
prosobranchs, even though no soli parts are known. 

Macluritoids. Those conehs which seem to have grown posteriorly up 
around the axis instead of anteriorly down around it are said to be hyper- 
s trophic (Fig, 10.15), Considered another way, what appears to be the spire 
of a hypemrophk conch is homologous with the base of a common gastro¬ 
pod with an orthostrop hk conch- If macluritoids are oriented according to 
the view that they are orthostrophic p the conch will appear to be sinistra^ 
but the conehs are dextral if a hypemrophic orientation is chosen. In all 
gastropods with spiral opcrcula, the opcrcula twist in the opposite direction 



PofJfrena 

Figure 10.15. MotTyrfiffl^. 
t. Pnflitvrja tabutfO, 2/3X. Ordovician, N*™do, CaNFarnia. 2. JopaUF with 

op*r«i!uin in place, 2. 3X, Ordcwicjnil, OnParEq, I, MnthvnUa Kio/oui^ifr f 4X d Csmhtion p 
Niw Y«fc. 

(AFfir Knight, 1952.J 



MocJuffttt 



MGth*tQiio 


from the colling of the conch; thus* a clockwise or dexiral conch produces 
an operculum with a counterclockwise spiral* In Maclurites tile operculum is 
counterclockwise; hence, the conch is dextral and hyperstrophtc. About 16 
other Genera are united with MacUtritcs in the group. They range from 
Cambrian to Devonian. Later hyperstrophic conehs arose from other groups. 

Trochoids and Tumid loids* The great majority of prosobranchs have 
some sort of distinctly spiral conch* the shape of which is best indicated by 
reference to the pleural angle (Figs. 10.16; 10.17)* Numerous trends in 
modification of shape arc apparent, such as elongation of the spire and 
elongation of the body whorl by extension of the anterior canal so that a 
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fusiform conch is produced. In association with the biter feature there is 
transition from gastropods widi an entire margin of the outer lip to gastro¬ 
pods with a notched outer lip. 

Turriitlla is probably used more than any other Genus of gastropods for 
correlation of Gc no zoic strata. Hundreds of species have been described, 
many of which are well-known index fossils (Figs. 10,17; 10* 10). Species can 
be differentiated on the basis of whorl profile, growth lines, mature sculptur¬ 
ing, and nuclear sculpturing. Genetic strains, for instance, arc based in large 
part upon the number and distribution of revolving fibs on early whorls 
(Fig. 10.iP.5-S). Turritdfo is abundant in warm shallow water today. Fossil 
ttimtclhs locally are abundant enough to comprise veritable coquina* 

In Paleozoic strata the turn form conehs arc represented by Me^aspira and 
Stibulites (Fig, 10,1744, 15), both of which arc unornamented, Mtsaiia is a 
common Genus which resembles except that it has a reflected 

inner lip (Fig. 10,17.11* 12). 

Among the most interesting of gastropods are the "drills" which use (heir 
radulae to bore into other gastropoda or into various pdecypods, Cluth- 
rodrilliii (Fig. 10.16.6) and Urosulpinx (Fig, 1047.9) arc two well-known 
Genera. Holes bored by gastropods cannot be assigned with confidence to 
any particular Genus but are usually referred to as DrttUa borings (Fig. 
1046,7). 

Naticoids* Natkoid ennehs are more or less globose because the spire is 
very depressed and the body whorl expands 50 rapidly that it dominates the 
entire eonch (Fig. 1048}. A callus is present very commonly. Surfaces arc 
generally smooth; hence identification of natlcoids is difficult. Natica, Poly - 
nices, and Amatireilinn arc characteristic Genera, The group ranges through¬ 
out the Mesozoic and Cenozoic. 

Fresh-Water Forms. These prosobranchs mostly have smooth shells and 
are difficult to identify, but they do occur as fossils commonly enough to war¬ 
rant recognition as a significant group of gastropods {Fig. 10.19). ViviparttS 
occurs from Cretaceous to Recent and is common in fresh water deposits in 
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the Rocky Mountains. Pyrgtilifera is an ornamented gastropod which occurs 
with the foregoing Genus. Reesidclia (commonly called Scale z) is known 
from opercula which range from Cretaceous to Recent, Fresh-water forms 
are known to be prosobranchs only by carefully matching characteristics of 
their conths with those of living prosobranchs whose soft anatomy is known. 
Heteropods. One small group of streprnneurans is usually placed with 
the prosobranchs, although they are only remotely related. These, the hetero- 
pods, arc characterized by the presence of several lobes or fins on the spread- 
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Ing foot, and by a coiled conch such as in Atlanta (Fig, Hcterapod 

conchs range in size from microscopic to about 3 centimeters in diameter. 
Living heteropods float in the upper zones of the ocean in incalculable num¬ 
bers. After death their conchs accumulate on the sea floor in coni unction with 
the gJohlgerine oozes. About 60 Recent species have been described, and die 
group occurred as long ago as the Cretaceous. 

SUBCLASS 3. OPiSTHOBRANCHIA 

Opisthobranchs receive dieir name because the gills lie near the posterior 
end of the body. This feature also indicates that the nerve system tends to 
be cuihyneurous (Fig, 10-3.7). Opisthobranchs seem to have been derived 
from prosobranchs (streptoneurans) because opisthobranchs have only one 
gill* one kidney, and one aurkle in the heart. It would seem, therefore, ihat 
opisthobranchs are gastropods which have undergone detorsion. 

There is a notable tendency among opisthobranchs for a decrease In size 
and strength of the conch until it is absent in some of the sea hares. More¬ 
over* opercuh are very rare among opisthobranchs. Whereas conchs diminish 
in size, the foot of opisthobranchs tends to increase in size until it encloses all 
or part of the conch. Those conchs which have thus become secondarily in¬ 
ternal tend to be covered with a thin layer of inductura over their surface. At 
the same time the foot may spread out by development of lateral vanes which 
are used for swimming. All opisthobranchs are marine. The Subclass ranges 
from Carboniferous to Recent and is represented by about 70 Families. As¬ 
signment of conchs to the Qphthobrandiia depends upon recognition of 
asymmetrical soft anatomy or matching conchs with living opisthobranehs 
whose anatomy is known. 
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Acteeonetk (Cretaceous) and Atteevn (Cretaceous io Recent) represent 
the normal, more or less helicoid gastropodan shape of the conch. Bulk 
(Jurassic to Recent) represents those opisthoh ranch; with a ihin p largely in¬ 
ternal shell (Fig. i04o)* Actaepn is especially interesting because it retains 
strepioneuran nerves but has its gills located posteriorly. It seems to stand 
dose to the prosobranchs. Tctfiys is a Recent sea hare with a large sluglike 
body and a rudimentary internal conch. 

Pteropods* These opisthobranchs bear a laterally expanded foot which 
projects anteriorly as two broad fins t and they either bear a minute conch or 
lack a shell. They are the pteropods or "wing-feet” (Fig T 10.21). All pteropods 
are small and most of the Recent ones are microscopic. They swarm In vast 
numbers in the ocean, particularly in northern latitudes, and constitute the 
principal food of plankton-feeding whales. Some pteropod shells are elongate 
cones, but others are coiled. Ptcmpnds are symmetrical externally but their 
soft parts are notably asymmetrical. A raduU is present and opercula are 
known. Gills may be absent. According to different ideas, pteropods have 
been grouped with gastropods or cephalopoda or have been placed in a sepa¬ 
rate Class by themselves. More than 160 species of Recent pteroprxis are 
known. Ummrirra and Giro are common Recent Genera (Fig. 10.21,2, 3). 

True pteropods are thought to range from Cretaceous to Recent, but they 
are not important rock-makers in ancient sediments. On the other hand, 
pteropods occur in tremendous abundance in some deep-sea sediments today. 
In fact, some varieties of gbbigcrinc ooze contain so many pteropod conch; 
that they have been called pteropod ooze* Pteropod ooze is characteristically 
developed in water of moderate depth on seamounts and dn the flunks of 
islands in warm waters. Ptcropods and heteropods usually occur together and 
are both included in the oozes; moreover^ pteropods and 'heteropods are prob¬ 
ably grouped together as "pteropods” in some oceanographic studies, 

Pteropod like animals also are known from Lower Cambrian to Permian 
rocks. Shells of these creatures are shaped like pteropods, but generally are 
much larger and contain much more calcine shell substance than do the 
shells of Recent pteropods. According to various ideas, the ancient pteropods 
are grouped with modern pteropods or are put in a separate Class, or arc 
grouped in part with conularioids in the Cbelenterata. Hyalithrs is known 
from Cambrian to Permian, and 7 cfitficuiitcs is a Genus of very common 
fossils in Silurian and Devonian rocks (Fig, 10,21.5, 7-9). 

SUBCLASS 4. PULMONATA 

Pulmonale gastropods typically are airJareathcrs in which the gills are lost. 
Respiration takes place through the surface of the mantle cavity or* in part, 
through the exterior surface of the body. Respiration is improved by an in- 
crease in the number of blood vessels in the wall of the mantle cavity, and 
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even by creation of numerous tubules in the tissue of the wall of the mantle 
cavity* Unfortunately, not all air-breathing gastropods are Pulmonata; only 
those euthyneursn gastropods without gills are referable to this Subclass, 
Moreover not all Pulmonata arc air-breathers* because some, having per- 
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fecicd the air-breathing ability, have returned secondarily to a subaqueous 
existence, just as whales and porpoises among mammals have returned to 
the oceans. In the case of gastropods, however, some subaqueous Pulmonata 
circulate water through the mantle cavity, whereas no air-breathing verte¬ 
brate ever became adapted to circulating water through its lungs* Subaqueous 
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Fulmonata never regain gills, although they may be provided with outgrowths 
of the mantle called secondary branchiae which serve the same function as 
gills. Most subaqueous Fulmonata such as Amputforia must rise to the sur¬ 
face periodically to breathe air. Zoologists classify Pulmonata according io 
whether one pair (in aquatic forms) or two pairs (in terrestrial forms) of 
tentacles are present and whether the eyes are at the base of the tentacle or on 
the tips. Incidentally, eyes of terrestrial snails can focus on objects a few 
inches away, 

Recognition of a fossil conch as belonging to the Fulmonata necessitates 
comparison of it with the conch of a living gastropod whose soft anatomy is 
known. Opercula are essentially unknown among Pulmonata* Pul mo nates 
commonly occur in fresh-water deposits along with prosobranch gastropods, 
from which they arc not always easily differentiated. 

About half of all the species of Fulmonata bcErmg to Helix. [he Genus to 
which she common European garden snail and the edible snail (H> pomatia) 
belong. Polygyra (Fig, 10.22.4), with t 15 American species* is the Genus of 
common American garden snails. Gyraulus is the best-known phn(spiral 
fresh water Genus and Lymnaea is the best-known helicoid fresh-water 
Genus (Fig. 10.22,5^ 7). Siphonaria is a patelliform marine Genus which 
closely resembles some of the opisthobranchs and may be a connecting link 
with them (Fig. 10.22.10). Finally, Umax (Fig. 10,22.1) ft the essentially 
she El-less garden slug. 

Pulmonata may extend back to the Early Pennsylvanian, but they are not 
significant in faunas until about the beginning of the Cretaceous Period. Then 
they went into an explosive radiation and became common in freshwater 
and brackish-water deposits in the western United States and Canada during 
the Late Cretaceous and Tertiary. Pulmonatcs also are common in some 
Tertiary deposits on the Gulf Coastal Plain. Finally, they have been used 
extensively to dace Pleistocene loess and out wash in the central United States 
and in Canada. 


QUESTIONS 

I- How can it be established whether or not a sinistra! conch is tajconomically 
significant in population* of fossil shells? 
a. Why might opercula be present in a stratum but the conch5 be missing? 

3. Compare the development ofc the iretna in Fismrelh with the pedicle opening 
in Orlnrufoidca. 

4. Why might no Protogaslropoda be known between the Permian and the 
Recent? 

5. Why ft nuclear sculpture important? 
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6 _ Why do some gastropoda abandon early parts of their conchy and how do 
they accomplish this? 

7* Why were biologists so sore that the Protogastropoda existed in modern 
seas, and what bearing does Neoptlina have on the subject? 

S. How do Amphineura resemble gastropods? Why are the two Classes separated 
from each other? 

9. In a mixture of pefeeypods, gastropods, and brachiopods, which would be 
best preserved P Least well preserved p Why? 

10. What bearing docs the Law of Irreversibility of Evolution have upon the 
adaptations of pulmonates to a strictly aquatic existence? 
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PHYLUM XII. MOLLUSCA (Continued) 

Class E. Cephalopoda 

Ever since William Smith discovered* just before i 3 gq, that the Jurassic 
rocks of England could be subdivided on the basis of invertebrates, the study 
of ccphalopods has progressed until this class of molluscs probably has re¬ 
ceived more attention than has any other group of fossil invertebrates* 
Cephalopoda have proved to be wonderfully suited to the study of principles 
of evolution and to the application of these principles in the correlation of 
sedimentary rocks. Not only are conchs of ccphalopods widespread and 
common, but they occur in strata of various composition and texture* and 
many ccphalopods are readily identified. Moreover* the rate of evolution of 
ccphalopods was so rapid that they characterize rather narrow vertical 
successions of strata. The principal difficulties in identification of ccphalopods 
are the increasing refinement with which morphologic features must be 
differentiated, the appalling number of Genera and species which are avail¬ 
able, and the tendency of unrelated forms to resemble each other through con¬ 
vergence, About 5000 Genera of fossil ccphalopods have been described. As 
is the case with other intensively studied groups* increased knowledge re¬ 
quires specialization; hence the detailed interpretation of cephalopoda has 
come to rest in the hands of relatively few individuals. Even so, the im¬ 
portance of ccphalopods remains very great; hence* it is necessary lor 
geologists who are concerned with stratified rocks of most ages to know some¬ 
thing of ccphalopods in order to make intelligent use of this valuable Class 
of in vertebrates. 

The most common living ccphalopods are squids and octopods, which 
together more or less typify the Class* except that the chambered conch 
which is so diagnostic of fossil ccphalopods is reduced or lost in the common 
Recent cephalopoda. In general* conchs of ccphalopods resemble conchs of 
gastropods externally, but most cephalopod conchs arc ptanispiral, whereas 
most gastropod conchs are helicoid. Conchs of the same shape in the two 

407 





403 


INVERTEBRATE PA1EONTOLOGV 


Classes sometimes may only be differentiated by noting whether they arc 
chambered or not. Aside from the chambered conchs, cephalopoda are char¬ 
acterised by the presence of tentacles bearing suckers and by a peculiar 
method of locomotion. Cephatupods swim by a system of jet propulsion in 
which water is ejected from the mantle cavity through a tubular fleshy found 
or hypoQomt. The funnel is directed forward from the apertures hence, the 
stream of water ejected from it forces the conch backward through the water. 
Presence and location of the funnel, therefore, are of fundamental significance 
in studies of most cephalopoda. If the funnel is located at the ventral part 
of the animal* a reentrant (hyponormc sinus) in the margin of the aperture 
accommodates it. 

Although about 300 species of Recent cephalopoda are known, very few 
of these arc provided with much, if any, shelly material. If conchs are present, 
they are almost invariably internal. Of all the living cephalopoda, Nautilus 
is the most important Genus to paleontologists because it provides a link with 
the 10,000 or more fossil cephalopods with chambers which have been de¬ 
scribed. Primary considerations of orientation and behavior of fossil cepha¬ 
lopoda therefore, depend in large measure upon interpretation of the anatomy 
and habits of Nautilus. 

CONCH. In its simplest form the cephalopod conch is a straight cone in 
which the aperture is anterior and the apex is posterior. If a hyponomie sinus 
is present, it is always ventral. During the course of the progressive coiling 
which affected most cephalopods, the conch became enrolled so that orienta¬ 
tion of conchs of cephalopods is almost as confusing as is orientation of 
gastropods. If the ventral margin of a planispirally coiled conch is traced 
posteriorly it lies at one instance on the uppermost part of ihe conch above 
its starting position. Obviously, ventral and dorsal have one meaning when 
applied to soft anatomy and would have other meanings if applied to differ¬ 
ent points cm the periphery of the tonchs. The same confusion affects use of 
the terms anterior and posterior when applied to coiled ccphalopod conchs. 
Accordingly t a special set of terms has been created to describe orientatitm 
of the conchs of coiled cephalopods. That portion of the couch which is 
nearest the aperture is adapemind, whereas the portion oE the conch nearest 
the apex is adapical. Adapertural and ad apical also can be applied to forward 
and backward directions, respectively. That part of the coach which lies along 
the periphery or mid ventral line of each whorl h the venter. The venter 
is simply the imaginary trace of former ventral positions of the soft parts and 
of the hyponomie sinus. 

The large open receptacle for the soft parti is the living chamber. It may 
occupy between onc^tiarar of a volution and almost one volution. Behind 
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the living chamber (that is T adapically) lies the chambered portion of the 
conch called the phragmoconc. Finally, that portion of the conch which is 
uppermost is the dorsum. The dorsum may include part of the phragmocone 
or part of the living chamber as well, depending upon the sizes of the 
phragmocone and living chamber. 

In its normal swimming position Nautilus carries itself with the plane of 
the conch vertical and the aperture facing slightly upward {Fig. n.i). In 
spite of the natural orientation of Nautilus paleontologists have adopted a 
conventional orientation for ronchs of coiled cephalopoda in which the living 
chamber is placed uppermost and the lateral margin of the aperture is vertical. 
This conventional position is almost exactly inverted from the normal living 
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position- Conchs of straight cephalopods conventionally are oriented with 
the long axis vertical and the aperture up, although they presumably lived 
with the conch disposed horizontally. 

Interiors of conchs arc divided into chambers (camcrae) by transverse par¬ 
titions, the septa. Sepia may be evenly concave like a saucer or they may be 
intricately scalloped. During life all chambers of Nautilus are filled with a 
nitrogen-rich gas which provides just the right amount of buoyancy in order 
to keep the complete organism in a state of equilibrium with the pressure 
at a particular depth- Chambers of phragmocones decrease in size adapically 
until the first chamber, or protoconch, is encountered. New septa arc added 
behind the visceral mass after ii moves forward in the living chamber, h is 
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apparent! therefore* that the secretion of new septa reflects adjustment of 
the volume and Length of [he living chamber to corresponding changes in 
the shape and to the proportions of the soft parts, Thus, the growth of a 
cephalopod is recorded by changes in shape and In secretion of successive 
septa. Cephalopoda are especially well suited for orange nctric studies because 
the phragmotones containing the early chambers are carefully preserved For 
examination v even though some chambers may be enclosed within later 
whorls. 

Each septum consists of three parts* The mural portion is a wide rim which 
is plastered against the inner surface of that portion of the shell which forms 
the living chamber, whereas the free portion of the septum is the concave 
diaphragm which forms the actual partition across the shell (Fig. 11,31)- The 
line of juncture where the free portion of a septum meets the outer shell 
of the conch is the suture. Sutures are best seen in coitchs whose camcrae 
have been filled with sediment or some crystallized mineral such as calcite. 
They are not visible from the outside unless the shell is eroded or dissolved 
naturally or is removed by deliberate preparation, Even when the outer shell 
is removed the sutures do not particularly resemble sutures such as those 
separating bones in a skuil f because the free portion of a septum may re¬ 
main in the suture as a thin plate, If T however, not only the outer shell of 
the conch but the free ponton of the septum is dissolved, then the traces 
of the sutures across the interna! mold are very similar to cranial sutures 
in vertebrates in that they arc both spaces between adjacent substances, 

!n the free portion of each septum is a perforation (septal foramen) which 
usually is continued adapically as the hollow axis of a short tubular septa] 
neck 1 the third portion of the septum). In life the successive camerae were 
traversed hy a continuous tube! the siphuncle, which passed through the 
septal foramina and the septal necks. The siphundc ended at a chitinous- 
availed chamber, the caecum* which was located just adapcrturaEEy from the 
protoconch. Sides of the siphuncle consist of porous, spkular, chitino cakarc- 
qus connecting rings, which naturally extended from the septal necks of one 
septum to the septal foramen of the next septum. Far from being ringlike, 
connecting rings are really tubes. After the death of the animal, the 
siphuncLilar walls often collapsed, and sediment or mineral matter infiltrated 
the camerae, Incidentally, it seems incredible that the infiltration by sediment 
can have been so complete as it usually is in phragmotones* In the ease of 
mineralization, unusual minerals in some cases occur in vugs in cephalopods. 
Moreover, in cephalopods of many ages these cavities seem to be singularly 
suited to the accumulation of crude oil, so that collectors have been known 
to be splattered w ith petroleum when try ing to break fossil conchs out of their 
matrix. 
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CLASSIFICATION* Ti is convenient to divide the Cbss Cephalopoda 
into three Subclasses of which lie Nauiiloidea are characterized by straight to 
increasingly coiled external conchs with subcentral slphuncles and unpleated 
sutures. Ammonoidca have mostly ventral sjphundes (one group has dorsal 
siphuncles)* coiled or secondarily uncoiled conchs s and generally complexly 
pleated sutures. The Coleoidea are characterized by progressive reduction or 
loss of an internal shell, 

SUBCLASS 1. NAUTIL0IDEA 

The nautiloid ccphubpods are the oldest, most primitive, and probably 
the best adapted of all the eephalopods, At least they lived longer than the 
other groups and seem to have given rise ro the other two Orders, Nautibids 
range from Late Cambrian to Recent and reached their greatest importance 
during the Paleozoic, In fact* the longest shells of invertebrates ever dis¬ 
covered arc the 15-fooi-long (5 m) cep ha loped shells in the Ordovician, 
The Order is typified by Nautilus, which is the only Genus with living 
representatives remaining from the large number of fossil Genera, Most 
people have at least heard that Nautilus is chambered, that It has a pearly 
conch* or that it has been said to drift about on the surface of the oceans 
using its foot as a sail, A few lines of poetry by Holmes and by Pope have 
immortalized some of these concepts* even though the idea that nautibids 
sail about on the surface is not supported by observations. On more mundane 
grounds, however, scientists are intense I y interested in Nautilus because it is 
a veritable living fossil and provides the only link between the am monoids 
and nautibids on the one hand and the squids and octopods on the other 
hand. Nautilus is represented by three living species, all of which inhabit 
the western Pacific Ocean an a great area extending from Australia and 
New Zealand north to the Philippine Islands and cast to Fiji. Beyond 
this region empty conehs have drifted as far north as Japan. Nautilus rarely 
rises into water as shallow as 12 feet (4 m) and then only at night, normally. 
In the daytime the animals live as deep as 2300 feet (about 770 m) and are 
caught in traps very commonly at less than 1000 feet (about 330 m). There 
seems to be no substantiated report as to how Nautilus moves at sis normal 
depth* hut all captured Individuals swam rather than crawled. One indi¬ 
vidual at rest in an aquarium held fast to the wall with its tentacles and did 
not crawl about. 

SOFT PARTS, It is convenient to consider the soft parts of a Nautilus 
as resembling a squid tike animal contained within the living chamber. 
Thus* the aperture is filled with 83 subcqual slender tentacles grouped on 8 
stout bases. When the animal is alarmed it pulls itself within the living 
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chamber by contraction of a pair of retractor muscles which are attached 
to opposite sides of the living chamber. It then covers the aperture by lower¬ 
ing a very stiff hood which otherwise overlies the dorsal portion of the ex¬ 
tendable parts (Fig. 11-1,2)* The retractor muscles also seem to be involved 
in locomotion, because ivatcr is forced out of the mantle cavity and through 
the funnel when the retractor muscles pull the viscera back forcefully into 
the living chamber. During swimming die animal can alter its depth in the 
water by pointing the muscular funnel up or down, or can spin around 
top wise by ejecting water from the funnel when the funnel is directed 
sidewise. 


doTsum 
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The mouth is located centrally within the circle of tentacles and is equipped 
with very stout chitinous jaws, as well as with an effective radula (Fig, 
11*2). The jaws are formidable instruments with powerful muscles to 
activate them. The upper jaw lies within the larger lower jaw and the two 
resemble an inverted parrot's beak. Not only are the cutting edges of some 
nautlloid jaws slightly calcified, but a few fossil jaws have been described 
from Mesozoic strata. The Genus Rhyrtchaliikes is based upon jaws from 
the Tnassic of Germany, Only one example of Paleozoic (Carboniferous) 
nautiluld jaws is known, in spite of the abundance of conchs in various 
places. 

Respiration in Nautilus takes place through four gills which are sus¬ 
pended in the mantle cavity. Inasmuch as all other living cephalopods have 
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only two gills, the number of gills is accorded great importance in dUfcrcnti- 
ating colcoids from nautiloid cephalopods. The digestive track is slightly 
contorted and opens into the mantle cavity. No ink sac is present in nautibids* 
The nervous system is highly organized, with balancing organs and other 
specialized sensory devices, of which the eyes are the most noteworthy. 
The two eyes of Nautilus consist of rather triangular bodies with an elongate 
slitlike aperture through which light passes without benefit of a lens. In 
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fact, sea water communicates freely through the slit into the interior of the 
eyes, rendering each of them a kind of subaqueous, pinhole camera. 

In Nautilus a branch of the circulatory system extends posteriorly within 
the siphuneb It is likely that the siphunde can maintain some control over 
the gas pressure within ihc chambers as the animal changes its depth; other¬ 
wise it seems as though the conch would be crushed. On the other hand, 
extension of living tissue back to the caecum appears to be a liability be- 
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cause damage to the phragmocone ordinarily is not repaired, although 
damage to the living chamber commonly is repaired. Apparently very little 
regenerative ability is retained in most phragmocones, 

Conchs of many nauiiloids bear a shallow groove, the conehial furrow* 
at the mid ventral position on the inner surface of the shell (Fig. 11.3*1). This 
furrow, in association with the hyponomic sinus, is useful in the orientation 
of conchs. The function of the eonchial furrow is not known. Unlike the 
conchta! furrow, which is not invariably present, the septaJ furrow is always 
present at some stage in the growth of a conch, k consists of a shallow groove 
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which extends completely through the mural portions of the septa and ex¬ 
poses the outer shell substance along the dorsal mldline of each camera. 
Septal furrows are discontinuous on inner surfaces of shells because mural 
portions of septa do not extend all the way adaperturally to the next septum. 
Septal furrows can be preserved in original shells, or in molds, or in casts, 
hence, they can be very useful for orienting shells. 

Connection between the camcrac and the living chamber was not lost 
after secretion of one or more septa. Instead, the mantle which lined the inner 
surfaces of the camcrac continued to secrete calcium carbonate in the form 
of camera! deposits which lined die interiors of camcrac (Fig. it4,1-4). 
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Moreover, the amount of camera I deposits was greatest in progressively older 
camcrae and tended to be thickest on the ventral region. It has been sug¬ 
gested that the tendency to fill up camcrae with skeletal material is a feature 
connected with racial old age, but it is more apt to be a method of adding 
ballast in order to offset increased buoyancy as new camcrae are added- 

SHAPE OF CONCHS, For a long time it has been observed that naud- 
loads showed a general tendency for progressively tighter coiling of their 
conchs. Thus, most of she Cambrian and Ordovician nauti Saids are straight 
or are only slightly curved, whereas the tightly coiled forms are character¬ 
istic of younger strata. Between these two extremes arc all intermediate stages 
of coiling T It is rather natural to conclude from the foregoing that a naudloid 
can be classified or located in an evolutionary series by its stage of coiling. 
Unfortunately, there are so many variations in (or outright reversals of) the 
general trend that systematise are rather wary about indiscriminately assign¬ 
ing taxonomic or phylogenetic value to shapes of concha. For instance, coiling 
took place along the same lines in various strains of nautiloids at different 
rates and at different dmes. The result is that degree of coiling has to be 
evaluated in relation to other morphologic changes in order to be significant. 

Evolving from more or less straight conchs, cephalopods could coil up in 
either of two directions. Most cephalopoda are enrolled so that the hyponomic 
sinus (or other ventral features such as the conchia] furrow) is on the 
convex side—that is. it is on the side of the aperture away from the axis of 
coiling. Gonchs of this sort are exogastrk (Fig- 11*5.5^7* 9-12,). Their poten- 
dal ability to become more enrolled is almost unlimited. On the other hand* 
endogastric conchs are enrolled with the hyponomic sinus on the concave or 
inner side of curvature (Fig, 11.5,1, 4). Curvature among endogastric conchs 
rarely progresses beyond an arcuate or banana-shaped stage because opera¬ 
tion of the hyponomic funnel would be inhibited by interference with the 
preceding whorl. Accordingly* it is not surprising io discover that endo- 
gastric conchs are rather diagnostic nf Early Paleozoic strata. PAragmoccras, 
from the Silurian, is the most enrolled endogasme naudloid. It passes 
through about whorls hence it corresponds to Gyroccras among exogas- 
tric conch s- 

Returning now to the exogastric conchy the straight conchs are typified by 
the Genus Michdinnctras. which formerly was known as Orthoeeras (Fig. 
11*5.3). C° n ^hs of this kind arc said to be orthoceracoues. The next stage of 
curvature in a morphologic series is the arcuate form %vith less than one 
volution; it is typified by Cyrtocrratitei ; hence, these conchs are cyrtoceracones 
(Fig* 11.5.5). with as many as about two free volutions are typified 

by Gyrocmu; hence they are gyroccracones (Fig. 11.5.7). Tarphyccrai typi¬ 
fies tarphyceracones* in which the whorls arc in contact (Fig. 11,5.9). Com¬ 
pactness is increased after the tarphyceraconic stage by the partial envelop- 
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merit of one whorl within the succeeding whorl to produce 3 condition 
known generally 35 convolute. More precisely, the overlap of one whorl on an 
earlier whorl may be very slight (e volute) or very considerable (involute)* 
In Nautilus, for instance* convolution is so extreme that the last whorl com¬ 
pletely covers the earlier portion of the conch. Any involute conch is a 
nautilicanc, however (Fig, ju5.1t> 12). The degree of convolution can be ex¬ 
pressed in different ways, A simple method t.s 10 refer to the height of the 
impressed 2one, which is ihe distance one whorl is involved in another 
whorl when the conch is viewed from the aperture. Or the ratio of height 
of the impressed zone to the height of the aperture may be cited. As viewed 
from the side, however, the degree of convolution is reflected in the width 
of the exposed central or axial whorls within the inner edge of the last 
whorl. This concave region near the axis of coiling as ihe umbilicus. It can be 
defined in terms of its degree of concavity* presence or absence of a perfora¬ 
tion at the axis of coiling* and slope of its sides. As a result of changes in 
the shapes of w horls during growth, diagrammatic whorl sections customarily 
are illustrated for many cephalopoda; moreover, it may l)e necessary to cut 
through a conch along the axis of coiling in order to show whorl sections 
at various stages. 

In addition to the foregoing forms, a few special shapes are w r orth noting. 
The first of these is the helicoid spiral which resembles loosely coiled conchs 
of gastropods; these conchs are called tiocho£eratone% after TracAoccras (Fig. 
IL5.8). Compact conchs with shortened phragmoconcs and rather swollen 
adapertual regions arc brcvicoues (Fig, 11 . 5 , 13 , 14). Brevicoceras was named 
for this form of conch* instead of vice versa. Strangely, apertures of brevicones 
customarily are restricted to slots or some other form of narrow opening 
(Fig + 11.7). The last shape to be considered is the littiiticone, named after 
Lituitet t which coils up in its early stages as a typical nautilscone and then, 
in its later development, grows straight like an orthoccraeone (Fig. 11.5,10). 
Lituiticonic uncoiling of nautiloid conchs foreshadows much more extensive 
development of a similar trend among some Cretaceous ammonoids* 

It was formerly thought that most of the foregoing stages constituted 
an evolutionary series, that is, that Increasingly compact conchs were always 
produced. It is now known that the shape of a conch may revert to an early 
stage after some later stage was attained. Thus, there is a sort of oscillation 
between eyrtoccraeonic and orthoeeraconic conchs in some strains, and some 
paleontologists think that all known cephalopods, straight or curved, have 
been derived from a coiled ancestor. Flower and Kummel {1950) mention a 
case among Qncoccras and its allies in which the ancestral form is brevioonic 
and exogastric, but it gave rise to endogastric as well as exogastric descend¬ 
ants ^ of the two strains* the exogastric line evolved up to the stage of being 
trochoccraeonie and then different members reverted back through the 
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gyroceracorsic form into the original brcvicomc shape from which the 
oncoccrcids started* 

ADAPTATIONS OF CONCHS* So far as b known now, the oldest 
ccphabpfKk are slightly tyrtoceraconk, the siphunde U located at the ventral 
margin, there are no connecting ri ngs, and the shape is endogastric. Tins stage 
is characterized hy Piccironoceras, from the Upper Cambrian of China (Fig. 
115,1), From it arose Eltttmcr&ceras and its allies, in which there is some 
tendency for orthoce racemes to develop (Fig. n.5.2); moreover, connecting 
rings are developed. Very rapidly thereafter, in Ordovician time, orthocera¬ 
cemic shells became dominant, and the siphunde migrated into a sub- 
central position; in fact, this last arrangement of shape and siphuncukr 
portion is considered to be the generalized early form of nautiloid cephalo- 
pods (Fig. 11.5.3), 

From a study of color markings and shapes of conchs it seems probable 
that early naudloids were bottom-dwellers or returned to the bottom after 
short excursions into the pelagic realm, or lived horizontally as free-swimming 
organisms. For example, symmetrical color markings of some straight 
conehs arc absent on the ventral surface, whereas color markings should have 
encircled the conch if the animal hung suspended from a floating conch. 
Other conchs arc vcntrally flattened* suggesting that the animal was a bur¬ 
row er or a grovder in the surikial sediments of the ocean floor. 

It is even probable that some early nautiloids gave up the ability to swim 
and adopted a creeping habit. Evidence for change of habit is found in 
decollation (truncation) of apical portions of phragmoconcs in the same 
way that some gastropods cast away apical parts of their cotidis. Barmnde, 
for instance* described how "Qrt/tocfras* truncate*m from Europe cast away 
about four camcrac at a time and then sealed off the exposed septa! foramen 
with a striated conical to spherical deposit of caldtc which also tended to 
streamline the new apex somewhat (Fig. iiJS.io). Unlike Nautilus with its 
numerous* small, unequal arms, ancient hautiloids such as 4 i O” iruncatum 
presumably had some small arms and two large tentacular arms such as arc 
present among squids today and which were long enough to reach around 
and lie upon ihe septal face exposed by decollation. Tentacular arms must 
have had the power to secrete calcium carbonate in the same way that some 
female oetopods secrete a brood pouch from the surface of two specialized 
arms. By decollation the nautHolds destroyed most of the adapted buoyancy 
of their bodies* Thereafter, decollated nauriloids must have lived horizon tally h 
whether they were active swimmers or were strictly bottomed wellcrs. All 
together, 3 Genera and 24 species of Paleozoic nautiloids are believed to 
have decollated their conchs. 

Most nautiloids adopted a pelagic existence in which buoyancy was a para¬ 
mount consideration. The straight conchs, being external, tended to buoy 
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up the posterior part of ihe animal progressively with addition of new 
chambers; therefore, some method of controlling buoyancy would be bene¬ 
ficial. Secondary deposits of calcium carbonate accumulated like ballast 
within the adapical portions of many conchs and tipped die apices of the 
phragmuctines down so that the cunchs by upon an even keel. 

Buoyancy also was controlled in conchs which were coiled up into a 
compact spiral because the center of buoyancy would be located in the 
phragmneones above the center of gravity in the living chambers. Thus, the 
living chambers would always be pendent beneath the came rate portions of 
the conch s. Additional adjustments m buoyancy during growth took place by 
involution of the whorls or by compression of the conch along the axis 
of coiling. Si mi Ear changes in buoyancy characterized conchs of ammonoids. 

The major obstacle to progress lac compactness of coiling would seem to be 
encountered at the cyrtoceraconk stage. The difficulty is readily understood 
because a cyriuceracone is the most poorly designed conch to control during 
its movement through the water If it were propelled rapidly it would 
tend to describe a scries of loops; in fact, it would be no more control table 
than a banana-shaped rocket. One solution to the locomotor difficulty lay in 
development of shun phragmocofics which would have a less adverse 
ruddcrlike effect cm the trajectory of the conchs. The resulting shortened 
conchs or hrevicones arc particularly eoxnmon among cyrtoceraconic nauti- 
loids. Moreover, many hrevicones also arc swollen midway along the conch 
in a fashion which provides necessary increase in displacement in one region 
at the same time that shortening reduced displacement in another region; 
in this way a nice adjustment of buoyancy could be maintained. 

Changes in shape bear upon a fundamental concept in evolution which 
is called Doilo's Law or die Law of Irreversibility of Evolution (page 42), 

SIPHUNCLE* Siphundej consist of a fleshy axis and a calcareous 
sheath or wall, Jn Nautilui the axis is traversed by a branch of the circulatory 
system, but in fossil ccphalopods the sheath is quite naturally hollow. In Sts 
simplest form the sheath consists of the septal necks without connecting 
rings. Part of the original fleshy material cither was contained within a 
chitinouLs sheath or was exposed in the camerae. Septal necks of nautiloids 
always are directed adapically in a plan called rctroehaanitk (Fig. 11.3*2)* 

The remarkable diversity of the siphuncular sheath has led to exhaustive 
study of it among nautiloids. Examinations are made possible by preparing 
polished surfaces of specimens sliced along the plane of coiling or by making 
thin sections of si ph uncles in the same plane. It seems that the siphimdc 
is located near the ventral margin in primitive cephalopoda and may indicate 
a low center of gravity associated with bottom-dwelling existence of the 
animals. The siphuncle of naut Molds tended to migrate to a central or 
subcentral position and even may be located dor sally in some advanced 
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conchs in which ihc center of buoyancy is located high above the center of 
gravity. Moreover, the position rsf the siphuncles moves from ventral to sub¬ 
central in some individual cunchs as they grow larger. And the position of 
the siphimdc also may shift slightly after it has attained its normal sub- 
central location. 

Most siphuncular modifications, however, pertain to the manner in which 
the sheath expands, thickens, or is reinforced with secondary deposits. In 
cases in which the septal necks and siphuncular walls arc cylindrical* the 
siphuncle is said to be orthochoanitic. In other eases the septal necks and 
connecting rings comprise a bulbous structure within each camera and a 
restriction at each septum^ whereupon the stphunele resembles a string of 
beads or balls (Fig. 11.3.2 ); these arc cyrtochoanidc siphuncles. Both kinds 
of siphuncles can occur in one conch and transitional forms also arc known. 

Siphuncular walls may consist of ihin skeletal tissue (eurysiphonatc) 
or of thickly constructed tissue (stenosiphonate). Close attention is paid to 
the disposition of connecting rings, septal necks, and of any unusual processes 
or structures inside or outside of the siphuncular wall Thus, a scries of in¬ 
validated cones (endocones) may occupy the apical portions of some siph- 
uncles or thin, diaphragms may cross the s[phonal tube. Some sort of secondary 
deposit of calcium carbonate largely fills siphundes of some cephalopods, 
particularly the siphundes of straight conchs r Siphuncular deposits are com¬ 
parable to camera I deposits, hut the latter seem to have been deposited by 
extensions of the mantle, whereas siphuncuhr deposits arise from siphuncular 
tissues, Siphuncular deposits most commonly comprise doughnutlike rings 
of sderenchyme which arc thickest and best developed farthest toward the 
apex of the conch. Siphundes in which deposits consist of plates radiating 
from the axis are said to be actinosiphonate. In transverse section actim> 
siphonate siphundes resemble transverse sections of some corals (Fig. 114,5), 
Actinosiphnnate structure occurs in several unrelated groups of nauribid 
cephalopoda ranging from the Upper Ordovician to the Upper Devonian and 
is particularly common in breviconcs of the Middle Silurian and Middle 
Devonian. 

There is some significance in the change in size of the siphundes of 
nautiloids. Siphundes of primitive nautiloids such as Endoccras had rela¬ 
tively large diameters, but by Late Ordovician time the siphundes of nauti- 
loids were dominantly rather slender—a condition retained in Nautilus. 
It is likely, therefore, that the branch of the circulatory system which traverses 
the siphimcle of A'an ulus b merely a relic of a formerly important region 
of the body* 

ORNAMENTATION, Nautiloid conchs tend to be smooth and covered 
with growth lines, no matter whether the conchs are straight or curved. 
If ornamentation is present, it may be annular and consist of fine to coarse 
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encircling ornamentation or be radial and consist of fine to coarse ribs 
running longitudinally with the growth of the shell 
CLASSIFICATION. Although considerable progress nmv is being made 
in the study of nautiloids, the residue of unsolved problems is still too great 
to enable a clear-cut classification to be constructed. Several evolution ary 
series are known very well; however, the differentiation of stages in these 
series requires a rather high degree of specialization, A lucid breakdown of 
nautiloids into iq Orders and 75 Families has been presented by Flower 
and fCummel (1950). They also present range data and a tentative phylogeny 
of the Subclass, Among the various nautiloids, the groups mentioned below 
are particularly noteworthy, 

Elltsmeroceratids. These are seemingly the parent stock of all cephalopoda 
and lived during the Cambrian and Ordovician. They are mostly ortho- 
ccracemes and endogastrk eyrtoconcs with a large ventral siphuncle, Plcctrono- 
ccras, the oldest cephalopoda from the Upper Cambrian of China, belongs 
here (Fig. 1 1.5.1) d It is endogastnc, cyrtoceraeonic fc and rather small 
Endoccratids* Endocm rj and its allies are very common in Ordovician 
strata. They are mostly orthoccraconcs with large subcentral siphuncles which 
bear endocones (Fig+ 11.6,9)- 

Michelinocemtids* This group contains the majority of orthoceracones and 
ranges from Ordovician to Triassic. The siphuncle is slender and subcentral+ 
Characteristic Genera arc Michetmocenas (Ordovician) and Mmrcoceras and 
Pscudorthocirmr (Late Paleozoic) (Fig. 11-6.8, i, 2), 

Oncoeeratids+ Almost a]] cyrtoccracones and brevicones belong here, 
whether they are exogastric dr endogastric. Moreover, the apertures of 
oncoceratid cdttchs are very commonly constricted in some characteristic 
pattern (Fig. 11,7), The group ranged from Ordovician to Pennsylvanian but 
reached its peak in the Silurian, Typical Genera are Oncoceras (Ordovician) \ 
Aifstwoccrx*, Hcx&nnrrocrras t ai\d Gomph&ccrttj (Silurian); Cranoceras (cor* 
rcct name for ^CyrtQrtras') (Devonian)* The group also contains the unique 
Genus Archiacorttas (Devonian), which is exogastric, but has a dorsal 
siphuncle instead of a ventral or subcentral siphuncle (Fig. 11.5,6)+ 
Ascoccrids. A group of brevicones related to A sierras merits special 
attention because of the interesting ways in which the buoyancy of members 
of the group is controlled. Aicoctras (Fig, uilgb) was slender and slightly 
cyrtoccraconic until maturity, when it developed an expanded living chamber. 
On at least one occasion during the life of each individual and probably at 
other times, Ascoceraj cast off a series of the cyrtoccraconic camerae by 
decollation, until only the living chamber remained (Fig. 11.8,9c). The 
living chamber was fun her modified by development of a row of dorsal 
chambers or floats through modification of septa (Fig. 11.8.9a). 

Stages In the evolutionary descent of ascoccrid cephalopods seem to have 



M<M>reciccrQi 



MfcAaJijioetro} 


frtdoctrQj 


m Qrth<n:+mt ,T 






































CIPHAL0POD5 


423 

arisen from simple forms such as Montyocmtf (Fig. ii.8.t) in which the 
septa are mostly widely spaced and merely incline forward somewhat at their 
dorsal edges. From this stage onward, the principal evolutionary tendencies 
consist of crowding of septa in old age; change in outline of siphunde from 
almost parallel-sided (actually planoconvex dorsovemrally) to biconvex; 
expansion of the living chamber; and development of S-shaped convex 
camerae without siphuncles along the inside of the dorsal part of the living 
chamber. The ascocerids arc Ordovician and Silurian. 

Biconvex siphuncles first arose in the anterior septa of Hebctocmu (Fig. 
iiAi)* but eventually all siphuncular segments became biconvex and the 
number of segments with a plano-convex profile disappeared. At the same 
dme some septa were aborted and the single compound camera which re¬ 
mained then consisted of more than one siphuncular segment, Siphuncular 
transition is shown in the change from Schuchcrtmtras either to Billmgsitei 
or to Lindstrocmoccras. Thus, $ . ioivaensc is notable because the large 
posterior camera retains relics of three siphuncular segments, two of which 
are biconvex and one of which is plano-convex (Fig. n *8*4)1 Only two 
segments (both biconvex) are present in S . anticosticns* {Fig. 11.8.5), and 
only one is present in both Billingntts and Uftdsirormoccras (Fig. 11 *8.6,7) .. 

The most diagnostic feature of ascocerid nautiloids is the progressive ap¬ 
pearance of S shaped camerae which are fused together in overlapping series 
on the dorsal side of the living chamber. Tvvn dorsal camerae first appear 
in Schuchtrtoteras (Fig + 11.84, 5) and finally the number increases to about 
7 in advanced forms (Fig. 11.8,9)+ wSth a maximum of jx Septa on 
the ventral sides of living chambers usually are short and straight. Choanoccras 
is a parallel offshoot of ascocerids which reveals an incipient ascocerid 
septum but has septa fused together on the ventral side (Fig, 11,8.3), 

One of the most amazing of all nautiloids is Pseudasroceraf, which began 
to seal off the posterior pan of the living chamber with concave or normal 
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nan Mink! septa after it had restricted the living chamber with ajeoccrid 
sepia (Fig. n.8,8)* Some paleontologists think that Pscvdaseoccres indicates 
a reversion to early youthful or to ancestral septal conditions which charac¬ 
terised the long, narrow, molted portion of the conch. 

Natitilids. This narrowly defined group within the larger category of 
nautilcids is characterised by conchs whose coiling is evolute to involute. 
Nautilus is the classic example, but almost identical conchs are present in 
Devonian strata. N a util ids became numerically important in the Mesozoic 
and Cenozok. 
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The siphunde in nautitlds either is snbee rural or occupies a distinctly 
dorsal position reminiscent of that in the cyrtoccraceme ArcAwcareras (Fig, 
ii-5-ir, ja). During the Paleozoic a few natitilids. showed a short-lived 
tendency to develop slightly sinuous sutures, and this tendency became im¬ 
portant in the Mesozoic. By Cretaceous time only the tightly coiled nauti- 
lids survived. The latter are represented by two strains, both of which 
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probably arose from a form such as Eatrepheceras wkh almost straight 
sutures (Fig. 11.9). One strain culminated in the living pearly nautilus, of 
which NaUtH&f poinpilius is an example. 

The other nautilids branched out into several Genera in which the sutural 
patterns of the lung-extincL goniariics were duplicated, Their ascendancy 
seems to be geared to the extinction of the am monoids at the dose of the 
Cretaceous. Even by Pakoccnc and Eocene time the coiled nautilids in¬ 
creased somewhat in abundance and diversity. It was then that A tuna and 
its relatives began to exhibit a sharply angular lobe in their sutures (Fig. 
11.9), Increasing complexity of sutural trace in the aturoid strain is exempli¬ 
fied in Figure 11,9 by Hcrcoghssa, A tun a r and Autroufca which arc arranged 
in a morphologic series. They arc not known to comprise an evolutionary 
senes as depicted* however. The a tumid* became extinct during the Pliocene 
when they had attained sutures only as complex as those which the simplest 
ammonoids (goniatites) developed. All together, 8 Genera and about 75 
species of Tertiary nautilids are known. 

Only Nautilus survived into the Pleistocene and Recent* and it now repre¬ 
sents the Iasi survivor of the whole Subclass Naudloidea* 

BUOYANCY AND FORM OF NAUTILOID CONCHS. It is gem 

crally believed that cephalopoda arose from some gastropod!ike molluscan 
ancestor, within or near the gastropods* although no intermediatae stages are 
known* either living or extinct. All of the early cephalopods are straight 
or are slightly curved (in the endogastric fashion), Compaitmentation of the 
eonchs at first involved construction of closely arranged septa—there being 
as many as eight times as many septa in a given distance in early forms as in 
later forms. It also was possible that the early chambers were occupied 
to some extent by soft tissue. Moreover, some early forms such as Endociras 
had unusually large stphundes which must have been filled with tissue at 
least near the living chamber All in all the primitive eephalopods seem 
to have been heavily constructed and to have been suited mostly for existence 
as bottom-dwellers which carried their conchs horizontally. 

When gas began to lighten the weight of conchs, a marvelous succession 
of evolutionary changes and ecologic adaptations was instigated. In the first 
place* the tips of the new buoyant conchs tended to rise so that straight 
conchs were carried higher or conchs became curved exogastrically.. Thus + the 
living chamber could remain horizontal although the center of buoyancy 
tended to rise above it. Continued curvature eventually produced tightly 
coiled conchs. Presumably there was always a strong trend to acquire or to 
maintain a nice adjustment between the buoyancy of the animal and its 
weight* as is known to be true of Nautilus today. Moreover, the habits 
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of the animal surely reflected ihe buoyancy of the conch—the more buoyant 
the conch, the mure probable that the animal was a good swimmer. 

Another group, which probably consisted of active swimmers* retained 
long tapering cemchs with more distantly spaced septa and [hereby became 
involved in serious engineering problems because their center of buoyancy 
was located far adapLrally of their center of gravity. Although the normal 
attitude of an orthocone is presumed to have been horizontal, the center 
of buoyancy would be about in the center of the phragmocone and the 
center of gravity would be in or near the living chamber; therefore at rest 
the animal would be suspended vertically with the aperture down* This is 
patently a poor position for jet propulsion or feeding. Many orthoccraconic 
na lit ibids reduced their buoyancy and moved the apes of the conch back 
to horizontal by adding a lining of secondary calcareous materia! within 
the camerae and within the sip h uncle. Secondary deposits served to shift 
the center of buoyancy adaperturally and the center of gravity adapkally until 
they lay very close together. Addition of a little extra material as ballast on 
the ventral side in many instances helped to stabilize the conch with its 
ventral side down* Stabilization would be maintained during later growth 
stages by addition of secondary deposits progressively farther forward and 
thickening of depots near the apex until camerae were nearly filled. 

Not all nautifoid conch* became lighter, nor did the animals become 
potentially more effective swimmers when the buoyancy of the conchs was 
increased. Some short, but rapidly expanding* pear-shaped conchs had only 
a few camerae but large living chambers. It is a peculiar feature of many 
brevkonic nauiiloids that their apertures were constricted into various slit¬ 
like or cruciform patterns. Probably the brevlconcs with narrow apertures 
were not carnivorous, or if they were, they fed on small prey. They probably 
were good swimmers. Other nautibidi which normally occupied long tapered 
conchs took a precipitously direct approach to becoming hreviconsc and cast 
off some of the apical portion of the conch by decollation very much in the 
same fashion that a few gastropods are known to do. Of all the h rev iconic 
naut Hoads, however, /J/CGCrrar and its allies are the most bizarre. Members 
of the a score rid group arose from orthoceraconic or cynoceraconic ancestors 
and consisted of slender, tapering, apical portions which led to straight 
or swollen living chambers. Apparently at maturity ehey truncated the 
slender apical portion of the conch just behind the living chamber. Inasmuch 
as the apical portion contains no camera I deposits, it probably was buoyant 
enough to keep the creature suspended vertically in the water. After molting, 
however, the ascoccrid cephalopods seem to have maintained a horizontal 
position, owing to the presence of special buoyant camerae along the dorsal 
interior of the living chamber. 
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SUBCLASS 2. AMMO NOIDEA 

No soft tissues have been discovered for any ammonoid* but the animals 
are assumed to have had essentially Lbe same anatomy as the nautiloids 
because the shapes of conchs m the two groups ore similar. Whereas the 
development of nautiloids is traced largely in changes in the shape of the 
Conch and position of the sLph uncle, the evolution of am monoids is traced 
largely through .study of the sutures. Most am monoid conchs are more or 
less involute from their earliest appearance and therefore do not change 
much in shape. On the other hand, sutural development is so marvelously 
diverse that am monoids provide ideal material for study o! the change in 
morphology with the passage of time. No doubt there has been more atten¬ 
tion devoted to ammonotds and more significance attached to them for evolu¬ 
tionary studies than to any other group of animals. Because of the wealth 
of information, am monoids are looked upon as ideal material lor correlation 
of strata. As a result of concentrated study, about io,ixkj species of am monoids 
have been described. They range in age from Early Devonian to Late 
Cretaceous. 

SHAPE OF CONCHS, Am monoids are almost entirely planispiral and 
involute (Fig. ii.ro)—a form which is termed nautilcconic among nautiloids 
and which has been t ermed ammoniriconic among am monoids. Various 
other special descriptive terms are available for normal, depressed p and 
compressed conchs of planispiral ammonoids, depending also upon the degree 
of their involution (that is, upon the width of the umbilicus). In general 
the shape of planispiral conchs tends to change from evolute to involute and 
from globose to discoidal (that es, from depressed to compressed ]l There 
ar e, however, many reversals of these trends. 

The most readily recognized conchs are those which depart from the 
orthoccraconic and the planispiral forms. A few Paleozoic and a few more 
Mesozoic conchs became enrolled in helicoid spirals like gastropods, but 
the most interesting of all are the bizarre conchs which uncoiled somewhat, 
T his tendency for uncoiling appeared only rarely among nautiloids during 
the Paleozoic, but it appeared several times among ammonites during the 
Mesozoic and finally characterized one whole Suborder of ammonites during 
the Cretaceous. In fact* uncoiling is the predominant trait of ammonites just 
before their extinction. 

APERTURE* Apertures of most ammonotds differ notably from apertures 
of nautiloids. In nautiloids the margin of the aperture is a smooth curve 
except where it may be indented by the hyponomic sinus. Among am- 
monoid 5 j on the other hand, the venter Is apt to be produced into a pointed 
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rostmm instead of being indented ns a sinus (Fig, i i.i j,a) ► Moreover, each 
of the two sides of the aperture also may be produced into a fingerlike exten¬ 
sion called a lappet (Fig, ii*u.i). Rostra and lappets normally are developed 
in maty re stages only. 

Many ammonoids secreted opercula called aptychi (sing, aptychm), 
whereas opercula are unknown among nautiloids. Am monoid opercula con¬ 
sist cither of one calccrous or chit incus plate or of a pair of calcareous plates 
(Fig. it 42 )* Single-plated anaptychi range from Devonian to Cretaceous, but 
bivalved aptydn arc all Mesozoic, Aptychi are particularly common in 
Jurassic and Lower Cretaceous strata. Aptychi and anaptychi have been 
controversial objects because they formerly were assigned variously to the 
arthropods, pdccypods, echinoderms* worms, birds (beaks), fish t and gastro¬ 
pods. As in the case of opercula of gastropods, aptychi may be abundant in 
strata in which conchs are not present. Aptychi and conchs may have been 
selectively sorted by oceanic currents; or aptychi could have been dropped 
on the sea Boor from drifting conchs of dead arcmiab* or possibly aptychi, 
being calcitic or chid nous, may not be dissolved by ground water, whereas 
fossil conchs, being aragomtic and generally lacking a periostracum* arc more 
readily dissolved than are the aptychi. 

Aptychi have been reported commonly from Europe and less commonly 
from the New World. Specialists recognize 15 "form" Genera of aptychi and 
anaptychi. 

SIPHUNCLE* Siphuncles of ammonoids are simpler than those of 
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nautiloids. Seplal necks of early ammonoids arc reirothoanilic (adapically 
dirccLcil) as in the case of nantilmds, but septal necks of later artimortoids arc 
prochoanitic; that is, they are directed adtrpmu rally. The wall of the si- 
ph uncle consists of a chin nous sheath which became progressively indurated 
with calcium phosphate during growth to form the connecting rings. 

Position of the siphunck in am monoids is ventral in all but one small 
group of Devonian ammonoids including Clymcnia and its allies. In the 
clymeniids the siphunck is dorsal. The dominantly ventral position of the 
siphunck could represent a relic of the primitive condition in ancestral 
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nauiiloids* Siphuncles of ammonoids arc of the same relative size as those 
of most of the advanced nauttkrids; that is, they are slender* 

ORNAMENTATION. Smooth ammonoids arc common but they are 
not characteristic of the Subclass. Most conch* bear some sort of transverse 
ornamentation and some bear longitudinal ornamentation. Growth lines 
are always present although they may be faint. On the other hand, growth 
lines may be prominent and even raised into ridges and lamellae. Ribs occur 
singly of in groups and increase by division or by intercalation. In some 
cases the ribs bear nodes, in which cases the nodes are largest near the venter. 
In a few cases the nodes may be produced into spines. Over the whole course 
of am monoid evolution, there has been a general tendency for change in 
ornamentation from growth lines Eo fine ribs, coarse ribs, and finally to nodes 
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and spines. Unfortunately, several reversals of this trend are known, and 
reversals presumably could have started at any place along the course Haas 
(1942)* for instance* mentions some reversals in which the trend in char¬ 
acter of ornamentation is from coarse to fine. It follows, therefore* that 
changes In transverse ornamentation must he studied in relationship to 
other features before their evolutionary significance can be evaluated. 

Longitudinal (spiral) ornamentation is less common than transverse 
ornamentation in ammonoids. Flattening of the venter is a phenomenon 
encountered in various am monoids and is almost equally related to change 
in whorl profile as to ornamentation* But whether flattened or not* various 
am monoids tend to develop one or more keels on the venter or perhaps 10 
develop one or more ventral grooves. Other spiral ornamentation usually 
takes the Form of striae on the flanks of the whorls. Coarse spiral ornamenta¬ 
tion rarely is developed. 

Although not strictly part of the ornamental ion, transverse shallow con¬ 
strictions indent the internal molds of various ammonoids. From one to three 
constrictions are present in each volution. Constrictions represent the location 
of transverse ribs on the internal surfaces of the shell* 

According to some views, development of ornamentation is a .manifesta¬ 
tion of adaptation to environment- Heavy ornamentation near the aperture* 
for instance, could serve to keep the center of gravity below the center of 
buoyancy in expanding conchs. recording to other views, progressive develop¬ 
ment of ornamentation reflects a method of disposing of excess calcium 
carbonate when optimum growth of the conch was being attained. Ex¬ 
treme supporters of the latter theory have even maintained that heavy 
ornamentation indicates approaching racial senility and extinction, 

SUTURES. Sutural pattern, is not only the basis of differentiating am¬ 
mo noids from nautiloids, but it is the principal means of differentiating 
the various subgroups of am mo noids. Whereas (except in atu raids) nautiloid 
sutures are either straight (traces of right conical sections, geometrically 
speaking) or are very broadly scalloped, ammonoid sutures arc pleated into a 
series of folds which are alternately convex and concave ada pert Ural! y (Fig. 
11.13)* Those parts of a suture whose convex curvature is toward the 
aperture are saddles* whereas the concave members are Lobes. Lobes and 
saddles occur alternately along the flanks of the whorls until they disappear 
under the umbilical seam where two whorls come in contact. The exposed 
portion of a suture is the external suture and the hidden portion is the 
internal suture. 

It is customary to represent a suture by an expanded tracing in a plane 
rather than by showing it in different perspective views around a whorl. 
These schematic tracings or sutural diagrams are oriented with the saddles 
upward. The position of the imaginary mid ventral line is indicated by art 
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arrow pptruing adaperturally (also being upward on the page). The position 
of the umbilical seam is shown by a short vertical line or by a row of 
vertical dashes. If the interna] suture can be traced to the middorsal position> 
that imaginary line also is indicated by an anteriorly directed arrow. Internal 
sutures are available only from much weathered or from specially prepared 
specimens. The great majority of ammonoid sutures are symmetrical on 
both sides of the midventral line; hence, it is customary to depict only one 
half of the externa] suture plus the remaining flank of the mid ventral lobe. 
Thus, the mid ventral arrow used in orientation bisects the mid ventral lobe. 
If asymmetrical sutures are present* then it may be desirable to depict the 
whole external suture (Fig. 11*13*4). 

In view of the great importance attached to even slight variations in am¬ 
monoid sutures, various systems of nomenclature have been proposed 
which enable a paleontologist to designate a certain lobe or saddle ac¬ 
curately (Fig. 11.13.1). Thus* the rnidvemral lobe lies along the venter and 
may be modified by the development within it of a ventral saddle. Moreover, 
ventral saddles may be simple, bifid* or otherwise modified, and their height, 
width, and shapes are significant. The first lateral saddle lies adjacent to the 
mid ventral lobe and the two share a common Rank just as limbs of anticlines 
and sync lines are shared in a series of folds. The first lateral lobe lies on the 
umbilical side of the first lateral saddle and is progressively Ranked by the 
second lateral saddle and the second lateral lobe (or umbilical lobe, as it is 
tailed by some workers because it straddles the umbilical seam). If the in¬ 
ternal suture can be examined, then a dorsal lobe will be found in ihe median 
position there. Although the basic ammonoid sutural pattern consists of six 
lobes with intervening saddles, a few very primitive ammonoids have only 
three or four lobes. 

Ammonoid sutures are affected by a very strong tendency for increase in 
the number of lobes and saddles. Thus, the normal trend is for new lobes 
and saddles to arise at the sides of the umbilical lobe and to migrate laterally. 
These are the auxiliaries (Fig. 11.13,2). Eventually they may increase to a 
size equal to that of the primary lobes and saddles. On the other hand, new 
(adventitious) saddles and lobes also can arise by subdivision of primary 
saddles and lobes near the venter and grow to be equal to the original saddles 
and lobes in size and shape (Fig. IT.13.3). It follows, therefore, that a 
paleontologist must know manner of origin of the lobes and saddles in order 
to differentiate among primary, auxiliary* and adventitious kinds. 

Increase in the number of lobes and saddles progresses more or less in 
coordination with minor complication of the trace of each saddle or lobe T 
Early forms of ammonoid sutures are smooth curves, whether on lobes or on 
saddles, but the first modification affects the lobes so that they become V- 
shaped whereas the saddles remain rounded. Ammonoids of this son have a 
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goniatitic suture (Fig. i i .14.1). Further modification of the gpTtiatidc suture 
produces a series of liny serrations along the arcs of the lobes to form a 
t frantic suture (Fig. 11.14.2). Finally, the saddles also become serrate and 
an anmronitk suture is evolved (Fig. 11*14,3), It is noteworthy that serrations 
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iif$i appear ntif tlie venter on old Jobes and saddles and progressively affect 
inflections farther laterally, whereas new lobes arise laterally at the umbilical 
seam is though in anticipation of the advancing serrations^ 

Concentration of attention on sutural diagrams has led to the development 
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of ingenious methods for drawing them. Freehand sketching is inexact, and 
drafting on a grid with use of calipers is tedious and rather inexactj; hence, 
mechanical systems for tracing are much in vogue. Some systems involve 
various sorts of pantographs in which a stylus held in the hand is used to 
trace the suiure on an oriented conch while a pen automatically records the 
suture on a flat surface. Or, a camera lucida enables direct tracing of sutures 
projected on a paper, 1 he simplest system, howtver, is to wrap a piece of 
transparent plastic around a conch and to trace the suture directly on the 
plastic, after which the tracing can be projected to any desired size with an 
enlarger or an optical projector. 

It is not known why am monoid septa become so intricately folded, although 
several advantages accrue from this development. In the first place, am- 
monoid conchs are much more strongly constructed than are the conchs of 
any other molluscs. Whether enrolled or not, the invaginaicd construction 
of septa on the mortise and tenon principle gives great structural strength to 
the conchs. Second, the pleated septa require more calcium carbonate than 
do simple transverse septa of nautiloids It is likely that ccphalopods share a 
problem in common with many groups of animals* namely, how to dispose 
of excess calcium carbonate constructively. Nautiloids add excess calcium 
carbonate to the conchs as camera! deposits and as siphuncutar deposits* but 
neither of these deposits is known among ammonoids. Possibly the increase 
ihgly pleated septa laid down during growth serve the same physiologic pur¬ 
pose as the secondary deposits did among nautiloids. Third* the unusually 
large amount of substance used in making pleated septa may help to main^ 
tain the center of gravity below the center of buoyancy. Fourth and finally* 
pleating of septa may help to increase the over-all density oE the conch in 
proportion to the increase Lo displacement when a new and larger gas-fit led 
camera is sealed off. 

CLASSIFICATION, The three fundamental sutural patterns among am- 
monoids have served for a long time to characterize three major taxonomic 
categories—the goniatites, cerarites, and ammonites. At first these groups were 
recognized as Genera {Goniatim* Ccraiitcs. and Ammonites) t but only the 
first two names still are retained in 3 generic sense. In addition, however, rite 
Genera have been used as the roots for names which characterize ever higher 
and higher taxonomic categories. Systematists now tend to recognize the 
three taxa as about the magnitude of Orders or Subclasses. Detailed studies 
also have shown the existence of transitional forms among die taxa so that 
they are not as distinct as once they were thought to be. The result is that 
clear-cut distinctions arc not possible in classifications of Ammonoidea. Rela¬ 
tively simple classifications such as the one used herein do not account for 
various intermediate (but fortunately, rather rare) forms. On the other hand, 
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carefully differentiated taxa in use by specialists require a degree of pro¬ 
ficiency in am monoid lore which is rarely attained by geologists. Accordingly,, 
the following classification is designed to lead the student into the relation¬ 
ships of am monoids and to prepare him, if necessary p for the more exacting 
subdivisions thought to be based upon phylogenetic grounds (Arkell, Fur¬ 
nish. Kummelp Miller, Sthindewolf, and Wright, in Treatise on invertebrate 
Pal tontohgy s pt. L, 1937, Lawrence, Univ. Kansas Press, pp„ L7-L10). 

Subclass a. Ammcmoidea 
Order a. Goniaiitida 
Suborder (i), Anarccstina 
Suborder (2). Gemlatitina 
Order b. Clymeniida 
Order c> Ceratitida 
Suborder (1). ProIecanMna 
Suborder (2). Ceratitma 
Order d. Aminonidda 
Suborder (l). PhylEoceratlna 
Suborder (1). Lytocerauiia, 

Suborder (3). Aimnonitina 

Key to Oelge&s Min Suboadeas of Ammonoidea 


I. Siphuncle dorsal 
1L Siphundc ventral 

A. Sutures not erenulate . . 

1. Sutures sinuous + + 

2. Sutures angular . . 

E. Sutures crenutaie 

1. Saddles smooth ,,,..,..******,_ 

a. Some lobes smooth . _ + . . 

b. No lobes smooth 

1 + Saddles creuulate or foliate ., . 

a. Sutures foliate.. 

b. Sutures not foliate 

(1) Conch evolute or uncoiled 

(2) Conch* involute 


....... Order Clymeniida 

Order Goniatidda 
Suborder Anarccstina 
. Suborder Gomstltina 

.- Order Ceratiuda 

.. Suborder Frolccamtjjia 
, . .. Suborder Cefatitina 
Order Ammonitida 
. . Suborder Phylloceianna 

Suborder Lytoccratina 
Suborder Ammonldna 


Order o r Go motif ida 

The Goniatidda encompass all ammonoids with simple nonserrate sutures, 
in addition to which some of the most specialized Genera arc characterized 
by the presence of serrations on some lobes near the venter. Two intergrading 
groups are recognized within the Order, depending upon whether the sutures 
are entirely sinuous or have angular Jobes. The Order ranges from Lower 
Devonian to Permian and includes the dominant Paleozoic ammonoids. As 
loosely construed, the term “goniaihc" can be applied to these ammonoids. 
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FUgur# 11.15. ^riniiKtb (AflarcntiJie). 

I. S^p- gr* oi MiontjcKflirp^ liijtiiEfltef, N*'w VpA- 2d, 2b. Sid* ■wiiw \! 5X1 nand! tulur* pf 
AgpjiSpWfw vaqWJMfltT, Mew T&rt, 3- SulufrH fit Qf&tUii, G*ffTWaft]f. 

Alt Ipidoi ore Dcvar.inn. 

WJli f Millir, 1 9U-) 


SU&ORDBl [!>■ ANARCESTINA 

Anarcestinc gonisuites arc characterized by broadly sinuous sutures in 
which neither the saddles nor the lobes are serrate (Fig, 11.15). Couchs of 
some of the simplest forms such as Gyroccrashcs (Devonian) have perforate 
umbilici and lack any impressed zone. More advanced Devonian forms such 
as Agoniatitet and Mantic&ccms become involute and ihe sutural pattern 



Goj^Jocerdi 



2, Parol#(|*£ii raft iutur* of ParDf*g*M/« (finnum, 1 l.'3X r Ufttr pBnrnyJvonian, 3, 

EarE* KtihlocBian uiKjTv 0^ #vgJ4tfirjri r IK, Firffii.flH r Tiiftgr. 4. Topical Mh!iroe*ran 

iuti>r* ei SqUifmraJ UlilWirlim, 4 l/2£ Upper PenrtiyUanian, vewlhwirta rn UdIi* find: 

md»AHA«nt. 

Cl. 2 pfi«r Mi Si ii r end Fumiih* l?40c- 3, 4 ofl*r Hhihpw und Scoft, 1^37.) 
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even merge js with that of the true gomatitic type, Anarccstine gon lathes ap¬ 
peared iu the Early Devonian and became extinct by the end of the Devonian. 

SUBORDER (2). GONIATITINA 

These, the typical gomatites, are characterized by their angular lobes, hut 
the most advanced forms develop serrations of lobes near the venter analogous 
to serrations of all lohes among the ccrafltcSr There is a rather persistent trend 
among some goni mites toward an increase in the number of lobes. Thus, the 
earliest true goniatites (Tornocew, Devonian) have 6 lobes; most gnnb 
a cites (Gastrioceras, Pennsylvanian) have 8 lobes, and some add auxiliaries 
until 12 lobes (Mctvkgaceras. Permian), or 14 lobes (Schirtoctras, Pennsyl¬ 
vanian), nr 16 lobes arc present. In this ivay gastrioccran (8 lobes), para- 
legoceran (id lobes), or schistoceran sutures (12 to 16 lobes) are recognized 
(Fig. n.16). 

Subtle change; tn the shape of sutures of the Goniaiilina also are important. 
For instance, V-shapcd lobes of early goniatites arc supplanted by bottle- 
shaped lobes in later goniatircs. Finally t surfidal ornamentation becomes im¬ 
portant in identification of some f .on lamina, Students of Carboniferous 
goniatkes in Europe have discovered systematic changes in relationships be¬ 
tween transverse and spiral fine ribbing. Similar changes in ornamentation 
have been recognized in America and elsewhere. Thus, even external frag¬ 
ments of conchs devoid of suture lines can be identified when placed in the 
hands of experts* 

Other characteristic typical Goniatstina are Imtt&ceraf and Eiwjarpfioceras 
(Miss(5SLppian) f Gamatiids and Cravtnoceras (Mississippian and Pennsyl¬ 
vanian), and Agathktraf (Pennsylvanian and Permian) (Fig + iT.17), Gom- 
atitina appeared in the Laic Devonian and became extinct before the end 
of the Permian. During that interval they became the dominant and most 
characteristic Late Paleozoic cephalopods. 

Toward the end of their reign in the Permian the sutural development of 
some goniatites progressed far beyond the norma] goniatidc stage and be- 


Figun 11,17 foppoafl*). Gortlatitido 'Gonisriima or Typical Gwimtitwh 

lQr lb r. V J ft* ° nd i2 3 * :! ° nd nf C«**i.«*f 0 | h*ip* r ium, Mtutfdpffe* 

United StaNL 7u r lb ? E . Aporturnl cod ird* vfcwi [2 3X) and iut*r* Of CwiFotlte 
MMtjtppfai., *id«pr«d If. Uniitd 3 Dj 3bl 3c. Sid* and aportuid 

vi*wi (2 3X> and iulvr* r 0 rjiOf*rtil urcrajiggjon*, Da^onlem, Maw Vorfc 4* 4b 4c Abeffll 
on4 iide «wq <2/3X1 and siftuw nf fvfwph'Kmt bfwWum, Miw^Won. Jdmptwad In 
Un.M Statu. 5. Sutor* of MuntTinxaroi paraNa/om, MissEjsippinn, Indiona. So, Ah. Side 
VT*W [2 -3JO and Mfiuro of Ag«fAic*ra* if*chi r Ponniylwmicii, Uxin, 7p 7b 7c Sid t and 
a p«r|yrol fJ/W Old ml iff* of ImSl «*m« r»W*fTum, Wsitoippian, fc, (b. Sid* 

vt*w (7 3Xj and itiEgra of Pttirffoparaltgec * rn i wiHiamir. P*no^*anian A*a* sai 

<1 ofl*r Touo^quilt, 1747. 2a, 2b. 4 after Ml||»r and Toungqjlft, 1740 2c after Millir 
fWnt, and r«ongq.iitl P 194V 3 ofr*r Mrltef. 1933. 5 after Millar and Cdttliaon, 1 95). 6o dft*^ 
Millar and Furn3*h r 1940o 4b after Plumnirr and Staff, 1937. 7a, 7b ofl ar Smirii, t9fl3. 7e of Ear 
fouid ond Crkfc, 1097. 0 afjnr Millar and Down*, 194$, J 
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came cerautic or even ammonitic, Thus* Papanectrat resemble? true ccratitcs, 
whereas Waa^cnoccras 3fid Perrimies can be differentiated from some true 
ammonites only by recognizing gonlatitic early sutural development In their 
eoliths. In Figure 11.18, for instance* young stages 33-^ of Ptrrinites hilh 
are clearly gon inti tic; the first indications of cumulations. appear at stage 3d, 
and crenulatbns arc perfected in mature stages 3c and j£. Perhaps because 
of the need for paying close attention to sutural detail, specialists have be¬ 
come able to recognize not only species but also subspecies of Ptrrinites on 
the basis of minor changes in crcnuhtbns in the mid ventral lobe and the first 
lateral saddle (Fig. 

None of the foregoing gonijtiles gave rise to any true cefatitcs or am¬ 
monites—the resemblance of goniatites to later forms is due merely to re¬ 
markable instances of convergence. There h no particular word to denote the 



Phlyctym*n\a 

Fig ufa 11.19. Oaftlariiide (Cipinima}. 

1q, lb r lc- Sido viffw, tofurt, and brekin conch at ainiricOflO’, IK, Davonloti,, 

M-entefla. 

{Alt*! MiN*Fj 1 V 3 S.J 

close relatives of true goniatites which developed ammonidc sutures, but 
perhaps "pseudoammonites^ would be a helpful addition to our vocabulary. 
This addition would be particularly suitable in view of the recurrence of 
other pscudoammnnstes among cerathcs and the well -known rise of pseudo- 
ecrallies among true ammonites (which latter phenomenon is described in 
the section on Ammomtlna hereafter)* 

Order b. Clymeniida 

Clymemid am monoids differ from all other am monoids because the 
siphuncle is located on the dorsal side in adult camcrac (Fig. 11.19). 


figure 11. JS (eppoiir*}. Opnicrl'iHda (Sp-K iiaFi i*d GcnioiFlinc). 

1ft, lb. Sulurr and Udft {IK? at Popartbawmffrtr ltia-wir>g some eopr»lif wrotlfk 

PifiTitan, Tffxai. 2a, 2b, 2c- Stflur* and wdk fiftd -Opetfural *i*wi flX'l a! W^agtnwtfffi 
B U&dcitv|»fliri showing airmail sampItScly am mart! Ik *Ut urt r PfiP^Tnan. T*iai 3fl-3f. OnJagtfltlic 

Hng«i in Ihn growth nf P 4 mnil« fwftl /nuJlrttria?ut, Permian, fim Jfl tarrwtpefid* to thi 
RraPur^ uiunv at Ggjirn*J#«j 3b, t* KwffamarE&talj 3 i m to S^PfPnlifil; 3d. la frflfopdUlaj 
and It, Id Pfgpim'n^ijj-nli *! wh^fh 0 «yr In artEndinf ilralFgrqphk erdll. iUuilitiln 

haw totftlral iah-ai nilurti ^krQdlfin itbipKiii. 4 \i Perrlnifti Jw^F tftfdvi. 5 ii PtrirnffU 
WWI g&ufdr, 6a ii Ptrrj'nFFtl JiiTJi hiMi. 6b, udff W|W of Pqrri/iFfp* bilR Apffi, 1 /2X, Permian, Tamos. 

|Alt*r Mil la r and Fvrniifr, 1940a.) 
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Figute 11-2®- PralBtdfliUftti, 

lOj lb, SuSur* and lida ri*w 12 3X« of NdfHhlU gn^tyf r Mtajuipplan, Indiana, !fl d 2b 
Sulur# a*d lid* Y 1 HW lt/2S) of FroraramteE MisNi*ipplo^ tait-unlral United 5hHVk 

3a p 3b. Apirturol v|#w (U) and future flf MtdfoaHm bwdrhardrl, Psrminn. Twjcem. *□, 4b. Sid* 
yimw {2 2M and WfUte flf Udd*nJi#s ieWh*rtJ r Pin n^lwonian. Tnnai„ 5- SlrtUte O* CW^tM 

Parmianr S«iF^ 6. External utter* nf Prer«M4te,i dfeafeta 1 1/3K, Carbo«iif*raut, 

England. 

( 1 . 2 a after Mill*r and Colliflian, 1911 * 2 b after Smith, 1 P 03 . 3 after Miller and Fyniiib, 
T 240 a. 4 after Smifh, 1922. 5 offer Miller and Farntih, 1940 b, 6 after Faerd and Ctitk, 1 H 97.3 


juvenile camerae, however, the iiphuncic is ventral, so clymcniids seem to 
have been derived from typical ammonoids rather than from a separate 
branch of nautiloids. Sutures of clymcniids resemble those of the An&reestina* 
ClymtHW is the typical example of the Clymeniida. The entire group is con¬ 
fined to the Upper Devonian, Although a few forms have been found in 
New York and Montana, the Order is most common in Europe, 
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Order c + CeroHtida 

Those am monoids whose sutures all characteristically bear serrate lobes 
comprise the ccratiies. The Order intergrades with some of the advanced 
Goniatilina from which it arose and with the Ammofiuida to which it gave 
rise. Thus, some primitive prolccanitine ccratites lack serrate lobes but are 
assigned to the Ceraiitida because they gave rise to cephalopoda with entirely 
serrate lobes. The Order appeared in the Late Devonian and became extinct 
before the end of the Triassie. Two Suborders are recognized on the basis 
of sutural expression, shape of cunehs* and degree of external ribbing, 

SUBORDER {1). FROLECANITiNA 

Prolccanitine ccratites are mostly rather notably compressed into disco id al 
conch*. Unlike other rather advanced ammonoids. the septal necks tn this 
Suborder arc retrodiolnkic Characteristically there arc numerous auxiliary 
lobes and saddles, as many as 24 or possibly more being visible on the ex¬ 
ternal suture in some Genera, Perhaps the principal interest in the Suborder* 
however, arises from the tendency of Genera like Darachtes to develop ser¬ 
rations in lobes near the venter, thus passing from goniatitic to ceramic 
sutures {Fig. 11*11), Indeed, specialists conclude that the CeratUina evolved 
from an offshoot of the da rad bids in mid Permian time. Typical prokcani- 
tinc ccratites are Prolccaniics and Prodromes (Mississippi^), Vddcnitcs 
(Pennsylvanian), and Dtirariitcs (Permian, Fig. 11.10}* The Suborder 
arose in. the Late Devonian and became extinct in the Permian, except for one 
Family which w as represented in the Triassie. 

The relationship between the supposed evolutionary history of a group of 
ccphalopods and the known growth stages of an advanced individual in the 
group is ideally illustrated by Daraclircr and some of its relatives. 

Figure niLi^ is arranged in a morphologic series in the order of increas¬ 
ing complexity of sutural pattern. Moreover* the species also appear in suc¬ 
cessive stratigraphic order, except that species 2 and 3 lived almost at 
the same time. The several species lived at different places remote from each 
other and evolved over a period of about 25 million years. PraUc&nitci (Upper 
Mississippian, Fig, n.at.t) has a typical goniatitic suture whose angular 
lobes became rounded in passing into Epicanius (Upper Mississippian, Fig. 
it Jia). Crenulations in the first lateral lobe appear in Praedaraelitcs (Upper 
Mississippian, Fig. 11.21.3). The foregoing three Genera all have three 
saddles* but Bosciits scons has three auxiliary lobes (Fig. 11.214). Bosdtcs 
lexanus (Upper Pennsylvanian) has another auxiliary lobe and faint new 
crcnubtions appear in the second lateral lobe and the mid ventral lobe (Fig. 
11.21,5). Itonprdcnsis (Lower Permian* Fig. 11.21.6) and D. mcc^i 
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Figure 11.21. Pr^KSnilifld, EwhflEoft of DarDB/jttr, 

T-7a. Mnfutt fvlirm af tBVftfl pfol’*cafil+id lp^ciei arrctng»d in a rrwfpholagk **ri*i. Th«y 
«e«PT proflrriiivttjr younger iFKrtigfaphiii potMan^ *xc«pt tho* 2 CfwJ 3 ftr* af fibeut lha 
■aww °S*- Side vb*W ®F DcTrai^eJ me«fei, lh* genatyp* «f DttNSelrfiJ, 1 1/3X* Ptfflrfap, 

-Sicily- $- Sutupp oF X*n<uplt cnrhonnrla, H *»ry early Fry* tofOtitw, P*rminn r FirtHa, It il 
inlradlKld nn tbii glare far companion wfrh HlA dnrqvlitidlj it hat fewer bbai ifian fl©iefr#i 
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(Middle Permian, Fig, ii^ai.ya) have crenulaiions out into the third lateral 
lobe; the strength of previous crenulaiions is increased but nu new auxiliary 
lobes appear. 

Successive growth stages of an advanced species of Ddw/ihrj are illustrated 
by sutures in Figure ii.aijja-gf. Stages 9a to gc correspond with species 1 and 2 
in the foregoing morphologic series. Ontogenetic stages yd and eje correspond 
with species 5 and ontogenetic stage yf corresponds with species 7a* only not 
so many auxiliary lobes arc present in gd^f as in species ^-ya, Nevertheless;, 
it is apparent that the ontogeny of Daraditts ckgans (ya-yf) depicts with 
reasonable faithfulness the morphologic and stratigraphic series leading from 
Prokcankzs to Daradkci (i-“a) r In view of die concordance of all three 
series, paleontologists interpret species 1.-71 as representing the essential course 
of actual evolution of the da rad kids. In like manner, ontogenies of other 
ammoncid sutures have been shown to recapitulate stages through which a 
particular group evolved. 

SUBORDER ( 2 ). CERATITINA 

This Suborder is characterized by the presence of ceraiitk sutures in all 
lobes* Unlike the sparse Gonmtitina in the Paleozoic which tended toward 
having ceratitic sutures but retained smooth cotiehs, the true ceratites bear 
various kinds of external ornamentation. Most commonly some form of 
coarse* transverse ribbing is present. 

Xenodhcus (Permian and Triassic) is the oldest true ccratite and seems 
to have arisen from some relative of the prolecanitid* Duradkcs (Fig. 11*22-3)- 
Jn the Triassic the true ccratites were involved in a spectacular expansion in 
their diversity and numerical abundance, there being about 492 Genera of 
Ceratitina recognized. Other well-known Triassic Genera from America arc 
Inyokes, O Henkes, Metffpctras* Ncuadites, Clio tikes, and Tropigastritts 
(Fig. it^z). No ccratite survived into the Jurassic, but the Ceratitina pro¬ 
duced an offshoot in Early Triassic time from which the AmmoniLida arose. 

One of the most extraordinary developments known in paleontology is 
the continued progression of serrations onto saddles of Ceratitina. Saddles of 
juvavites and Gymnoicceras (Fig* 11*23*1, a) bear weak serrations, but a few 
Genera such as Ussaria, Trachyccms , Gymniits ■ and A rentes (Fig. 11*23*4-7) 
developed typical ammomtic sutures. These latter Genera are appropriately 
called pseudoammonites* just as Genera were designated among the Goni- 
atitina because they bore similar sutural patterns. Expert training is required 
in order to differentiate evolutionary dead ends among the Ceratitina from 
convergent stages within the Ammonitida. 

Not long before fake ammoniac sutures evolved among some of the 
eeralkcs, other groups typified by Corditkrites (Fig, 11.23,3) anc * Cimao- 
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13.23, Specialised CerOtitlM. 
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Fipgr* 13.22 (oppuiit*). Typical Cerolitfiso. 
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ih & afie-r Smith, 1*14, 2J afltr Sm^ T T*32« 7 afur SmiHi, 1027.J 
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ctraf (Fig, 11.24.1) seemed to produce rather goniatitic sutures because The 
height of the lobes and saddles increased notably. Moreover, ChprisiGtcftK is 
somewhat more evolute than are most other ceratiies. 

RJtahtloceras (Fig. is. 14.3-5} unusual Upper Triassic Genus which 

uncoiled in maturity iust as Unities did among the nautiloads. Coehhrt rro 
(Fig. 11*24.2) is peculiar because it coiled up like a turreted gastropod instead 
of being pbnispiral. 

Order d. Am mo nil Ida 

The ammonitid ammonoids are characterized principally by the presence 
of ammonitk sutures. In addition, they generally arc involute, buL several 
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strains became secondarily uncoiled. Detailed studies starting in about 1865 
have revealed and supported the differentiation of at least two great genetic 
series of ammonites, the phylloceraunes and the lytoccratincs. More recently 
(since work by Salfbld, 1913) opinion among authors lies on ammonites has 
been growing that ammonites should be divided into three groups. Accord¬ 
ing to these ideas the phylloceratines gave off the lytoceratines in the Early 
Jurassic. Both of these groups persisted as conservative ammonites but pro¬ 
duced offshoots of vigorously evolving ammonites at several times. The fore¬ 
going developmental scheme is the classic example of iterative evolution 
(iterate means to repeat). All three of the foregoing strains of ammonites 
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currently arc grouped into the taxonomic category of Ammonidda as most 
rigidly defined. 

The Ammonkida range from Early Trlassic to the end of the Cretaceous* 
During that lime they were the most diverse elements in the known marine 
faunas, there being perhaps 8ooo species of Mesozoic ammonites which are 
referred to about 900 Genera. 

SUBORDER (T). PHYILOCERA11NA 

Phylloccratinc ammonites are characterized principally by phyUnid (leaf- 
like) sutures in which minor indentations of sutures may lead to single* bifid. 
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trilid, or more complex subdivisions. Among the most readily recognized 
sutural patterns of the ammonites arc those in which outer terminations are 
convexly rounded. A complete saddle* for instance, vaguely resembles a com¬ 
pound leaf of a fern in which ibe leaflets are analogous to the rounded minor 
terminations of the saddle (Fig. i 3 * 25 - ia J sb). Cunchs arc apt to be smait 
and smooth* or only feebly ornamented. 

Of the 34 recognized Genera of FhyILoceradna p PfiyHottra* is a well-known 
and nearly world-wide Jurassic and Cretaceous represen UUive, The Phyllo- 
ceratina range from Early Triassic to Late Cretaceous* during which time 
they were particularly abundant in the equatorial regions. Compared to 
other Ammonitida p however, the phylloceradnes are not particularly abun¬ 
dant, except locally* 
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SUBORDER (2). LYTOCERATiNA 

Lytoctraunc ammonites are characterized by a combination of two or three 
features. In the first place, the concha tend to be evolutc or even to have their 
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whorls slightly separated (Fig, ir^ft). Minor sutural elements are rather 
sharply terminated, instead of being rounded as among the Phyllaceratina. 
Finally, the Lytoceratina arc most renowned for rhe remarkable uncoiling to 
which most (but not all) strains were subject. Unfortunately, the few 
primitive representatives of the Lytoceratina resemble some of the Am- 
monitina so closely that special attention must be devoted to sutural develop 
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mcnt in order to differentiate the two groups. The Suborder ranged from 
Early Jurassic to Laic Cretaceous. 

Uncoiling alone h enough to warrant recognition of spectacularly aberrant 
Genera such as Bochianitfi (Upper Jurassic and Lower Cretaceous), SAdJ/P- 
emu and Hamites (Lower Cretaceous), and Baculitti and Nippon Has (Upper 
Cretaceous, Fig, 11.26). Another aberrancy is typified by the helicoid coiling 
of Turniiles (Lower Cretaceous) and its partly uncoiled analogue, Nastaceras 
(Upper Cretaceous). Various strange lytoceratinc ammonites occur com¬ 
monly in Cretaceous strata on the Gulf Coast and in sediments of the Rocky 
Mountain geosyndine from the United States into Canada. Of these Genera, 
Scaphites and Bacttiites arc the most well known* 

Sea phi? id cephalopoda arc only partially uncoiled and their sutures are 
normally ammoniac (Fig. ii. 2 y). Couchs bear weak to strong costae and 
one or more rows of nodes on the Hanks, Because of their abundance and the 
rapidity qf their evolution, the scaphitids have become very useful in cor¬ 
relation of Cretaceous deposits in the western interior* Five specks out of a 
series of 13 are arranged in Figure 1 i j 8 in ascending stratigraphic succession 
in order to illustrate how variation differs with time. Size, for instance, in¬ 
creases (Fig, nAia-^a) and then decreases (Fig, 11.28*53)* Ornamentation 
becomes progressively finer. Shapes change from more e volute to less cvolute, 
which is the reverse of what one might expect; earlier evolution, however, 
presumably progressed from an involute ancestor through a series of more 
cvolute conchs to the stage shown in Figure ii.2S.1a. In their over all ap¬ 
pearance, the suture of S. warreni (Fig. 11.28.2h) is in some ways simpler 
than the suture of 5 . hamejormis (Fig. ii.28.1h), but thereafter sutures be¬ 
come increasingly complex (Fig. 11.28.3b, 4b) before reverting again to a 
distinctly simple pattern (Fig. 11.28.5b)* The evolutionary progression of the 
13 known species in the series is represented herein by only the 5 species il¬ 
lustrated; the series possibly occupied about nine million years. Minute de¬ 
tails of sutural expression also have been used to evaluate changes in some 
of the group of stnphitid cephalopods discussed heretofore. In Figure ri.28 the 
first lateral lobes of six species of scaphitids are shown. The basic bifid pat¬ 
tern (Fig. u*28j6a or ic) is modified into a trifid pattern (Fig, 1 i.2flj6f or 5c) 
because a large prong on the right side of the lobe increases in size dispro¬ 
portionately and migrates down to occupy the central position* 

In some ways Bacuhtes epitomizes the evolution of aberrant Cretaceous 
cephalopods, for it has uncoiled secondarily until only a minute involute conch 
remains at the apex of a long straight shaft (Fig. it.26.4), Evolution of species 
of Bociiliief is traced primarily through changes in the size of conchs and 
through complexity of sutures. In species of BacuHtes from the western in¬ 
terior (Fig. 1149) the size increases regularly and culminates in B. grandih 
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j farm which became 4 feet (12a cm) long or perhaps longer. Sutures be¬ 
came progressiveiy more complex, although sutures of B r grandis (Fig. 
1 follow 3 simple major pattern of saddles and lobes on which many 

fine crenillations are superimposed. The four examples of Bafuliies illustrated 
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are mtnibcrs of a group of seven species which evolved during possibly 20 
mi]Eion years. 


UNCOILING OF CEPHALOPODS, For many years the uncoiling of 
cephalopocLs was interpreted as some sort of a degenerate phenomenon ass^ 
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ciited with racial old age just before the extinction of the affected lineages. 
This concept was enhanced by I-he fact that lytoccratine ammonites, which 
typify uncoiling, reached the peak of iheir development during the Cretaceous 
Period. The fact is, however, that lyEoceratines are not the only ammonites 
which uncoiled T because some ceratitcsalso uncoiled. Moreover, uncoiling took 
place at several times—not just before the extinction of the ammonites. In 
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addition, some nautibids uncoiled far back in the Paleozoic. Finally, cephalo¬ 
poda were evolving vigorously and were exceedingly abundant just before 
their extinction. In view of all of these things, paleontologists began to look 
for explanations of uncoiling other than racial senility and evolutionary 

Uncoiled cephabpod conchs rather consistently have large living chambers, 
whereas most coiled conchs have relatively small living chambers. The diamc- 
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ter of the living chamber remains about the same at maturity* and only the 
length increases significantly. Inasmuch as great bndilv changes probably did 
not suddenly in adulthood affect the structure of the animal which inhabited 
die living chamber, it seems probable that the extra volume in the living 
chamber merely represents increased volume of the mantle cavity which 
could provide more effective jet propulsion and might be correlated with a 
change in habits. 

Normal cvolute or involute conchs, and conchs which are enrolled in youth 
(hut are subsequently uncoiled), are streamlined and presumably could be 
maneuvered effectively with a small reserve of water for jet propulsiom 
Uncoiled adult eonchs, however, are unwieldy and difficult to negotiate; 
therefore they might require a large amount of water for locomotion. The 
center of buoyancy In normal coiled conchs is rather close to the axis of 
coiling, and the center of gravity lies well within the outline of the conch 
(Fig, j 1.30,1). [n aberrant conchs* on the other hand* enlargement of the 
living chamber and attendant uncoiling effectively lowered the center of 
gravity but insured that the coiled phragmoeone which provided the buoy¬ 
ancy usually tended to be compact or at least not ineffectively distributed. 
Thus, c\cn the most bizarre 3 ytoceratine ammonites can be explained as 
merely adaptations to a floating existence in which increased effectiveness of 
jet propulsion was of advantage in natural selection (Fig, 11.303-6)* It is 
likely* however, ihat the posture of many uncoiled cephalopoda was altered 
radically between youth and maturity. There is not necessarily anything 
degenerate or senikv however, about the assumption of a floating existence. 

SUBORDER ( 3 ). AMMOMITlNA 

Ammonites in the narrowest sense of the word comprise this Suborder. 
Technically, they could he called ammonitine ammonites. Concha are gen- 
erafly rather involute and also tend to be ornamented with transverse ribs 
and longitudinal keels and to bear nodes and spines. Sutures mostly are 
very complex, but may resemble those of the Lymceratina so closely as to 
require expert knowledge for their discrimination. To this Suborder can be 
referred the vast majority of ootichs to which the name “ammonite" custom- 
anly ts applied. Thousands of species have been described. 

Cerdiocew (Fig, n.313), Hurpoetry and Konmaiia arc common 
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Jurassic Genera. Dottvillti^rtis, Morionicrras t and Oxviropidoctrstf are com¬ 
mon Lower Cretaceous Genera on itic Gulf Coast. In the Upper Cretaceous, 
Acanthacerw is a rather well known Genus in the western Interior at 
Canada and the United States as well as on the Gulf Const, Prionvcyclus is 
a well-known Upper Cretaceous Genus in the western interior. ParspacAy- 
iliscur (Fig, j 1.14.3) is widespread in Upper Cretaceous deposits and is par¬ 
ticularly well known from specimens about 2 feet (60 cm) in diameter in 
Baja California and Southern California; except for a specimen 3 feet {90 
cm) in diameter from the Cretaceous of the western interior, Parapachydiscu* 
includes the largest coiled am monoids in North America. All of the fore¬ 
going Genera have rather normal ammonitic sutures and are distinguished 
in large parr on the basis of external ornamentation. 

Contrasted with them, however, arc several strains of ammonites whose 
sutures resemble those of tenuities at first glance. These are the pseudo 
ccratiles. 1 hey are derivatives of animals whose conchs bear normally frilled! 
saddles; hut the saddles of pscudoccratitcs become progressively simpler and 
smoother until no serrations are present* Lobes, too^ may lose much sutural 
detail, although the character of serrations in the lobes is apt to reveal the 
ammonitine ancestry of some pseudoccratites; minor sutural indentations 
frequently are roundly lobatc instead of being angularly serrate. Pscudoccra- 
titic modifications affected the Ammon kina at several times during the 
Cretaceous; thus, Emgonoctras (Fig* 11,32*3) bridges the boundary between 
the Low r er and Upper Cretaceous but Sphcnorfiscuj (Fig. 11.32-4) only occurs 
near the top of the Cretaceous. Pliirnitfcgraj has a very compressed conch 
with an elaborate suture In which saddles on the flanks of conchs arc simpler 
than are those near the venter or near the umbilicus (Fig. 11,32.1). Finally, 
Moccrat (Fig. 11.3*6), from the Middle East, not only develops pscudoccra- 
titic sutures, bui the number of saddles and lobes increases more than in any 
other cephabpod—there being about 75 in an adult suture, fndoceras seems to 
have been the last ammonite to evolve and was one of the hst to become 
ad net at the end of tile Cretaceous, 

ORIGIN OF THE AMMONOUJS, Paleontologists have proposed two 
incompatible theories to explain the origin of ammonofds from the naulitdds. 
According to one View, the ammonoids arose from an involute descendant 
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fjf some Lice gyroccraconk or early nauulicorvic naiuiloid in about the Silurian 
or Devonian, 1 he transition from the Subclass MauubiJtj to the Subclass 
Ammo noidea was effected largely by change in the sutural pattern from 
straight to sinuous* although it also necessitated the presence of or change 
from 3 subcentral to a ventral siphuncle. 

Opposed to this hypothesis is the view that the ammonoids evolved from 
Barintcs or one of its relatives which arc characterized by a ventral siphunck 
and a single, adapkally directed, ventral lobe in the suture. The bactritids 
are all orthoceraconeSj whereas the oldest known am monoids are all coiled 
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tightly enough to have imp reused zones. Intermediate changes in shape are 
nyt known, but sutures can be arranged in a morphologic scries leading from 
Lobabactritts (Lower Devonian) through Enemies to Mint Oteros and 
Annrcestes. ~l he bactritids range from Ordovician to Late Permian, so the 
am mono ids might have arisen from a form more primitive than even 
Lo b o htittrhcs. 

Bactritids are placed among the Nautiloidea by some specialists and among 
the Ammnncidca bv other specialists, depending upon whether they think 
that the ventral siphuncle is a definitive character or is merely a recurrent 
aberration which affected straight-shelled nautiloids from time la time. 

GEOLOGIC HISTORY OF THE AMMONOIDS. The ammonoids 
appeared in the Lower Devonian as both coiled and uncoiled forms. Sutural 
development progressed quickly through sinuous stages to the goniatitie stage, 
which latter was attained before the end of the Devonian. In the meantime, 
one aberrant group with a dorsal siphuncle (clymeniids) arose and became 
extinct. During the remainder of the Paleozoic the gontatites dominated 
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cephalopod evolution. The principal sutural pattern of the Goniadiida was 
gorahthic* but ccratidc sutures arose more than once, and sutures of one 
group of goniatites even reached the ammouitk pattern. 

While the true goniatkes flourished a less speciacubr Paleozoic offshoot 
of ihe gOEuadtes, the prolccani tines, evolved steadily imo corichs with a 
ceratitic suture. The CcratUina arose from this one stock during the Permian 
and went Into such an explosive radiation during the Triassic that the 
Triage is called the Age of Cemtiies. In its most advanced and latest stage, 
the suture of ceratites attained the ammonitic pattern, .. * 

Aside from the Ceratitina, the only ammonoids which survived mio the 
Mesozoic were a few descendants of the prolecanitincs* 

Toward the end of the Triassk the ceratitcs went into a disastrous decline 
and then became extinct just before the end of the Triassic Period, Their 
decline is analogous 10, but more precipitous than, die ex tine lion of gomatites 
at the end of the Permian, or the extinction of nnarcesttnes and dymeniids 
at the end of die Devonian- Nevertheless, ammonoids survived after the 
Triassic because the Ammon id da arose from Early Triassic ecratiies with a 
typical cent due suture and evolved into forms with completely ammonitic 
sutures. The first Ammonitida had rounded or leaflike sutures; these are the 
Phyiloctratina, which are rather characteristic of the Jurassic. 1 hey never 
were very important, compared to other ammonoids, but they gave of! two 
very important descendant groups in the Early Jurassic. Of these, the 
Lytoceratina were not impressive until almost the end of the Cretaceous 
when diey erupted (for at least the second time) into an amazing array ot 
uncoiled forms, the habits, cause, and purpose of which are enigmatic- From 
time to time the Lytoccmiina and {mure commonly) the Phylloceratina gave 
of! lineages of ammonites with closely coiled conchs and elaborate sutures; 
these arc ihc true ammonites or Ammoniiina- The final modification o 
ammonites was the smoothing out of saddles to form pscudoceratites im- 
mediately preceding the extinction of the group* 

Figure 11.34 shows thai at least three groups of ammonoids had ceramic 
sutures, and at least three had ammoniac sutures. In neither case was me 
genetic relationship among the three members of any group having a similar 
sutural pattern closer than the level of Suborder- In the older purely morphfr 
logic classifications, however, the ammonoids were divided into three groups 
having the same sutural pattern, irrespective of discontinuities in their ranges 
and lack of demonstrable kinship. 

Not long before the cod of the Cretaceous the ammonites declined and 
then vanished abruptly in what is possibly the most striking faunal change 
in geologic history. There seems to he no alteration in their construction 
which would indicate a precarious existence. Moreover, the forms which 
vanished so suddenty had been in existence for several millions of years. 
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Varioias hypothecs account for the disappearance of ammonoids by 
sinning that they became unadaptable, that emergence of lands affected 
them in some way, that the climate changed, that predators overtook them, 
that disease ravaged ihem h or that racial senility brought about their death. 
Some nr all of these factors may have contributed to their decline, but it is 
hard to support any single suggestion with evidence, except in the case of 
finding conchs in the visceral regions of fossil marine reptiles. On the other 
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hand, lytoceraune evolution we ms ro have been directed toward diminution 
“ the size of the phragmocone relative tQ the size of the living chamber. 
Apparently many ct the ammonoids were changing habits rapidly toward the 
en a re rctaceous, hence an explanation of their disappearance should 
be sought m connection with changes in conchs and adaptations. 


SUBCLASS 3. CO LEO IDEA 

Except for three ^cierof iWfor, all the living cephalopoda are referable 
to the Coleoidea. This Subclass includes about 300 species of squids, oc- 
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topods, and sepiids, of which the squids arc by far die most abundant- All 
members of the Subclass arc characterized by the presence of two gills; hence, 
die group sometimes is referred to as the Dibranchia instead c? as t e 
Colcoidea, Generally, the Coleoidea also are typified by reduction or absence 
of a shell; but if a shell is present, it is almost invariably internal, Finally, 
coleoids arc characterized by the number of arms and the nature o sue 'ers 
and retractile hooks which may be present on die arms. Most coleoids have 
ten arms, of which eight sessile arms are of the same size and two tentacular 
arms are much longer. Tentacular arms usually bear lanceolate paddles at 
the ends of circular shafts, the whole being wonderfully retractile. An Oc¬ 
topus, as is well known from its name, only has eight arms, These arms seem 
to be homologous with sessile arms. Tentacular arms arise from a different 


position than do ihc sessile arms- . , 

Coleoick were important rock-makers during the ckjzoic, w en^e 
about 400 species of belemnites have been described. The Subclass ranges 
from Upper Mississippi™ to Recent and may be at its peak of abundance 


Fundamentally, coleoid shells consist of an internal, rigid, axial rod which 
serves the same function as the notochord or spinal column in vertc r ** CC5 
that is, it enables muscles to act in couples against this a*u and thereby to 
increase the power and effectiveness of muscular movements. The basic 
coleoid shell consisted of a phragmoeone with a thick sheath (guardJ around 
It and a hoodlike extension (proostracum) in front of it (Fig. In¬ 

duction of some of the three skeletal elements or improvement o ot 
enables recognition of four Orders of the Subclass Coleoi ca. 


Subclass 3, CoIcdicIki 
O rder a, Bdemnitida 
Order b. Scpiida 
Order c. Tenth ida 
Order d, OcEopodida 

Probable evolutionary patterns of Orders within the Subclass arc shown 
m Figure 1140. 

Key to Owntiis of Coleoidea 


L Shell present 

A, Guard prominent . ■■■-*-*♦* .* t h + * 

B. Guard obscure 

i r Phragmoeone prominent ■ . 

2, Phragmoeone obscure ,, T -. 

II- Shell absent -* 


. Bdemnitida 

.Sepitda 

., . Tciithida 
, Octopodida 
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Order o. Belemnitida 

iidem iuics are among the fossils noted earliest by man* and an ancient 
impression persisted for centuries that these objects were the hard points at 
the tips of thunderbolts. Their calcareous guard makes them unusually dura- 
blc; hence, they are apt to be locally prolific as a residue from readily 
weathered sediments. 


Phragmoconcs of bdemnites resemble very much the eonchs of ortho* 
ceracomc nautiloids. They are straight and camerate, but the siphunclc which 
traverses the septa of bclemiiitoid phragmoconcs is near the ventral margin 
mstca u Ttmg su 'cntral (Fig. 11,35.1c), As in the case of living chambers 
of orthoccracones, a bdcmniioid phragmocone terminates anteriorly in a 
space someii at larger than the camerae. Each phragmocone is contained 
witbm a thin sheath, the conodieca, which is analogous to (and possibly 
homologous with) the external shells of nautiloids. When a proostracum is 
present, it is merely a dorsal outgrowth of the conotheca which extends an* 
Ecnorljf from the phragmocone. 


A guard is a one- to many layered cigar-shaped mass of calcareous material 
which invests the phragmocone with a thin veneer close to the aperture but 
which extends as a solid rod some distance posteriorly from the phragmocone 
and terminates in a point, the apex. The guard is composed of crystals of 
cakite which radiate trom a subcentra! axis lying posterior to the apex of 
he phragmocone. When guards are broken transversely the radiating crystal* 
hnc structure is readily apparent (Fig. n.35.3b). Cross sections of guards 
belonging to duTerent groups can be characterized extern ally by subcircular 
or subquadraie shapes and by the presence or absence of one or more furrows. 
Furrows are deep grooves, one of which may lie on the ventral surface, or 
furrow, may incise each of the two lateral surfaces. The proportionate length 
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At the start of their Mesozoic flare in the Triassic, eight Genera of bclcm- 
noids arc known. Belem nkes become abundant in the Cretaceous of New 
Jersey and in the Jurassic (Sundance) of the western interior of Canada and 
of the United States. They are even more common in Europe than in North 
America. The only belemnitc possibly to have survived into the Tertiary 
is VasseuHa, from the Eocene of France. Forty-five Genera of bclemnoids 
are known* 

It is likely that the bclemnoids evolved from some mid-Paleozoic ortho- 
ccraconic ancestor when the phragmoconc was reinforced with a guard and 
the conch was enveloped within the body to produce an internal skeleton* 
Presumably the guard would change the huoyancy of the conch and the 
animal would be oriented horizontally instead of tending to hang suspended 
in the water. Weighing down the outside of the phragmocone is a somewhat 
external solution to buoyancy control analogous to the internal solution used 
by naudloids with their camera! and siphuncular deposits on the interior of 
their phragmocones* 

Order b. Sepiido 

Sepiids are notable because of their ability to eject black to gray ink (sepia) 
into the water to obscure their presence and to irritate pursuers chemically. 
1 he presence of an ink sac is not peculiar to the sepiids. because some teuthids 
and oaopods also have an ink sac. Sepiids bear a characteristic internal shell 
which is called the cuttlebonc in common parlance and which should be 
reason enough to restrict the name cuttlefish to the sepiids. Unfortunately, 
the word cuttlefish often h applied loosely to any groups which have an 
ink sac the sepiids teuthids, and octopeds. Sepiids mostly inhabit shallow 
water and seem to prefer a benthonlc or near-bcnthonic existence. Twenty- 
nine Genera of fossil and living sepiids arc known, 

Specifically, sepiids arc dorsovemmliy flattened ? squidlike animals with 
fins along the lateral margins uf the body and with an obscurely chambered 
internal sheik the septum (Fig, 0.36*3)* Ten arms arc present* of which eight 
are short and two are long. From a palcontologic standpoint, only the septum 
is important, and fortunately it retains evidence of the derivation of the 
Order, 1 he scpium consists primarily of the phragmocone* although some 
guard and proostracum arc present in early forms. A scpium consists of 
aragonite* mineralogically. Two different evolutionary strains of sepiids are 
recognized depending upon whether sepia in the phragmocone tend to be 
normally transverse or are oblique to the long axis, 

TRUE SEPIIDS. In this* the common strain pf sepiids, septa are oblique 
to 1 he long axis of the phragmocone. Moreover, septa become increasingly 
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close in later forms until they art almost in contact and even start to become 
joined by interseptal skeletal tissue. No siphmide is present. 

Voltzia, the oldest of all Sepiida, comes from the Upper Jurassic of Cuba, 
It has a small phragmoeonc and a rather Jong proostracum, but no guard is 
known. 
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Beltmmris (Fig. 1140.6) rcprctscms a very primitive stage in seplid de- 
velopmcnt in which sepia arc only slightly inclined and the phragrnocane 
is somewhat curved. 

In Spifitlirasir& (Fig. 1140,7) freru ihe Miocene the curvature of the 
phragmocone is increased in about one volution and the guard projects 
posteriorly in a sharp point. Tit is seems to he a potential point of departure 
from which two lines of sepiids descended. 



FTgtrfff tl-37. SapjFda fS^rglcp). 
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Spiruiiroftriita (Fig. 1140,8) became less curved and less pointed and ihe 
inclined septa of ihe phragmoccne began to be accent dated 
This strain culminated in Sepia (Fig. 114^) i„ which the siphuncle is 
lost and the skeleton consists mainly of septa and a pointed remnant of the 
guard. Septa (Tertiary and Recent) is the type example of ihe Scpiida. Its 
shells are the familiar cutdebones which are placed in bird cages, 
SPIRtTUDS. In the other strain of Scpiida, represented by Spirula. the 
phragmoconc consists of a loosely coiled conch in which the siph uncle is 
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persistent and also lies along the inner or concave side of curvature (Figs. 

n-37-5, 4; iiJO-to). , 

It is probable that Spiral* (Pliocene to Recent) arose from a Genus such 
as Spirulirostra bv loss of the guard and all trace of the proostracum. The 
conch of Spirit 'consists of a loosely coiled spire with about two to three 
volutions. Walls of earnerae may be slightly expanded between septa so that 
the external appearance of the conch is beadlike. From its orientation within 
the body of complete individuals, it is demonstrable that the conch of Sptrula 
truly is endogastdc—a feature which would be suggested as well by the posi¬ 
tion of the siphuncle on the concave margin of the conch. Sptrvlti is ot 
exceptional interest to biologists because it is the only living dibranchwte 
cephalopod which has coiled, cameratc. aragomtic conchs with siphuncles. 
its conch is almost entirely internal, there being only a small portion ni the 
conch exposed at a gap in the mantle (Fig. 11.37.1)■ 1 ^ US| ’ s U ^ LS 
.vents an imperfect stage in the process of enveloping the couch in the body; 
complete investing is apparent in Sepia and the squids. 

In life Spirilla tends to hang suspended from its buoyant posterior end and 
moves up and down by ejecting water fore and aft through its tubular 
movable funnel (Fig. it. 37.2). It can move laterally in short dashes, however. 
Although the bare conchs commonly have drifted all over the world, even 
into polar seas, complete fleshy specimens arc among the rarest of animals. 
Only about 200 complete specimens are known and these were collected 
mostly by one Danish vessel, the “Dana,” in the 1920-1930 decade. The three 
known species seem to live only in tropical and subtropical waters and to 
prefer a depth of about 200 meters (about 60O ft) near continental margins. 


Order c. Teulhido 

This Order comprises some of the most dramatic creatures in creation, 
including the classic examples of the coleoids, the squids. As wit t e 
Scpiida, the Teuthida bear ten arms, two of which are long tentacular arms. 
Internally, however, the axial skeleton of a living squid differs notably from 
that of a living scpiid because the squid bears only a pen, which is t e 
ostracum without guard or phragmacone (Fig. 11.38,1b). Pens consist o 
flexible conehiolin and rarely arc preserved. The 9* Genera of living and 
fossil teuthids make this Order about as large as all other coleoids combined. 

Teuthids range from Jurassic to Recent. , 

Most of our understanding of the locomotion of cephalopods has been ob¬ 
tained from observations upon squids. Their normal method of jet propul¬ 
sion is backward through the water at very considerable speed-rivaling 
that of the fishes upon which they prey. They also can leap forward or make 
sharp turns, all by directing their funnel in the proper opposed direction. 
Squids are the favorite food of many fish; hence, there is much interplay 
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of hunter and hunted between fish and squids. When a squid is desperately 
trying to evade its hunter, it may leap more than 12 feet (4 m) ahove the 
surface of the water. Moreover, members of the “Kon-tilti” voyage reported 
seeing squid* travel through the air a distance of 150 10 180 feet (go to 60 
m). It also has been reported that squids, while airborne* make a popping 
noise as they manipulate their empty mantle cavities. 

Of greatest interest of ail cephalopoda however, is the giant squid, ArcJbi* 
ttatAis, from ihe North Atlantic (Fig. 1 [/38,6a, 6b). It Is the most ponderous 
known invertebrate, living or extinct. Several huge specimens of this awe- 
some creature have been studied T particularly near the Newfoundland Banks 
off the northeast coast of North America. So far p the largest specimen yet 
measured had a body 20 feet Song with tentacular arms extending another 
35 the whole animal being 55 feet m) long. Tht oblong eyes, for 
instance, measure about 7 by 9 inches {iB by 25 cm). Architects is a 
favorite food of sperm whales, but apparently the giant squids put up vio¬ 
lent struggles, some of which have been witnessed. Suckers on giant squids 
bear a circular horny rim with a sharp saw-toothed edge (Fig. 11.38J&1); 
hence, the skin of sperm whales may be scarred with circular furrows which 
are relics of encounters with ArchiteutMs. Several species of giant squids 
are known* and possibly three Genera qualify for the name of giant squid. 

The most primitive tenth ids. Bclxmnoixuihts and Acdnihoteuthis, occur 
with other but more specialized ttuthids in the famous Solcnhofen lime- 
stone (Jurassic) of Germany. These squids differ from other Tcurhida in 
retaining a considerable portion of the phragmocone and even a trace of 
the guard (Fig. 1 [-404). No wonder, then* that sometimes they are grouped 
with the Bclemniiida, with which they are transitional. Specimens retaining 
impress tons of soft parts around the shell reveal the eight sessile tentacles 
and in some cases even show claw I ike hooks 7.5 millimeters long on the 
tentacles. Acaathoteuthis has hooks on the arms. Moreover ihe long pro- 
ostracum of the teuthids is well developed in AcantAotcutfiis t whereas it is 
rudimentary in Bclcmnoteathif* 

Teuthida rarely are discovered as fossib because the pen is composed of 
eonchmlin with only small amounts of calcium carbonate. In Recent seas, 
nevertheless, true squids abound and various Genera are differentiated on 
the nature of stabilizing fins, tentacles, and eyes. In North America Loltgo 
(Fig. 1148.1, z) dominates cephalopod faunas on the North Atlantic Coast 
an mmartrcphfs (Fig. 11484) is the principal Genus on southern coasts* 
Although they live at die same time T Ommastrephes (Fig. ,1404) retains a 
small cup-shaped posterior termination and therefore seems to be somewhat 
more primitive than Genera such as Loligopsts which Lack the cup (Fig, 
1140.5), None of these squids has hooks on the arms. On the other hand. 
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Onychouuthis and hs relatives constitute a Family of living squids in which 
some or all arms bear hooks as well as suckers (Fig. 11.38.4, 5), 

Order d. Octopodidcr 

Qctopods, paradoxically, both repel and attract human interest. Because 
they are a gourmet s delight, they are sought avidly hy people along many 
shares. But, being enormously strong and possessed of a sinister demeanor* 
the octopods have earned a reputation For being dangerous, although 
naturalists constantly stress the timidity and retiring nature of these animals. 
Nevertheless, popular literature abounds with horror Stories varying from 
attacks fay large octopods upon man, to attacks of gigantic octopods upon 
ship5. In this regard k is appropriate to mention that the largest octopus for 
which authentic measurements are available is a species an the north Pacific 
Coast of North America which reaches a diameter of 28 feeL (% m) when 
the arms are extended. 

Octopnds crawl about the bottom of the ocean in rocky places or swim 
about using their funnels. In a few forms a fleshy membrane connects the 
arms and assists in swimming in the same way that die umhrclla of the 
jellyfish does (Fig r 11,39.1). 

Lack of a shell in Octopodida would render the possibility of their fossiliza* 
lion remote, if it were not for the fact that temales of Argonauia, for instance, 
secrete a calcareous brood pouch. This structure resembles involute ammonite 
conchs tn a remarkable degree h shape and ornamentation (Fig. 11.39,4). 
It has a flattened to grooved venter Ordered by inxieSi and the flanks are 
covered with cl use-set transverse riba. It differs from true conchs, however, 
in ihe absence of any trace of septa or siphunclc. Moreover, the brood pouch 
is not secreted by the mantle, as were the conchs of other cephalopoda but 
it is secreted by special glands on two of the arms. Mineralogies II y, the 
brood pouch is entirely calc kit, whereas conchs of ammonites arc largely 
aragonkit. 

The first otto pods appeared in the Late Cretaceous as the unique Genus 
Pdlaeortopus, from Lebanon (Fig. u.39.3). This specimen has an ink sac, 
two triangular fins, a partial umbrella, a single row of suckers 011 each arm, 
and is about 15 centimeters long Uciopods quite naturally comprise a rare 
element in extinct faunas although brood pouches of Argarmma have been 
report from Miocene and PiI^ene strata, Twenty-five Genera of octopods 
art known, of which only two are represented by fossils and only one of 
the Genera is extinct. 

Unlike the other eolcoiils, there is almost no evidence bearing- on the 
origin of Lhe Octopodida. "I hey arc dibran dilates but they have only eight 
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arms, whereas ihe other coleoids have ten arms. It has been presumed by 
some authorities, therefore, that the Oetopodida evolved from some other 
eolcotds hy complete loss of the conch and by reduction in number of arms- 
On the other hard, it is also possible that the Oetopodida evolved from the 
tctrabranchialc cephabpods by reduction in the number of gills and by loss 
of the conch. In this latter case, the eight arms of the Oetopodida would be 
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homologous with she right groups of tentacles in Nautilus. Of course, nobody 
knows h(iw many gfiEls or tcnucks were present in the ammonnitis p even 
though these ceptoInpods commonly arc assumed to have had the same soft 
anatomy as Nautilus* 

In spite of the lack of direct evidence, there may still be some evolutionary 
significance id the astonishing similarity of argonaut brood pouches with 
ammonite shells and to the appearance of octopods during the reign of the 
ammonites. Moreover, it has even been hypothesized that the enigmatic 
disappearance of ammonoids at the end of the Cretaceous is due not to their 
extinction* but to their complete loss of shells. In fact, according to this view, 
the a mm unites are not extinct, even today—they are the octopods. 

QUESTIONS 

i. What is the significance of the shape of Vcrmeius compared with the shape 
of Htlkoctras? 

-- Prom what ancestral forms could the ammonoid* presumably have arrived? 

j, What theories account for disappearance of the ammonoids at the end of the 
Cretaceous? 

* What bearing docs evolution of StapAkej have on the Law of Irreversibility 
of Evolution? 

5. How can one decide whether a suture is referable to the true ammonites 

f Ammonitina) or is a pscudoammomtic suture- Or ccratilk? Or pseudo- 
(entitle? r 

6. What habits might be indicated by brevkonie and decollated eonchi? 

7. How cut one explain uncoiling of nautiloub and ammonoids? 

8. What effect docs mintralogic composition have upon preservation of ccph- 
alopods? 

9. Why are eephalopods particularly suited to ontogenetic studies? 

10. Why are relatively fewer Ammonitina than Lytoceraiina illustrated herein, 
although the Ammon ulna arc represented by many more Genera and thou- 
jands more specks? 
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TRILOB IT ES AND CHiLICERATES 


PHYLUM XIII. ARTHROPODA 

]| is a widespread belief of biologists that arthropods rival the Protozoa 
□rid Nemathdminrhes in abundance and exceed all other creatures in di¬ 
versity of bodily form, adaptation, and habit. The insects alone constitute 
the most numerous megascopic creatures on the face of the earth and are so 
diversely constructed that entomologists arc apt to restrict themselves to 
the study of one Order (such as beetles, or flies, or moths and butterflies) 
rather than to try to struggle with the voluminous literature on the Class 
In sea a in general. Moreover, members of any one group of the other living 
arthropods such as lobsters, crabs, crayfish, spidery barnacles, centipedes* and 
scorpions may be hopelessly remote from the attentions of specialists in 
some closely allied group. Extreme specialisation by students of living arthro¬ 
pods has been fostered because of the important position of the Arthropods 
in dietary and medical matters. Paleontologists are interested in arthropods 
because of the evolutionary significance of fossil forms* as well as for the 
stratigraphic value of a few groups. Of all the fossil arthropods, however* 
rrilobites have been the most attractive to geologists in general and to laymen 
interested in geology. Qstraeodes, however, rival trilobites for their value in 
applied paleontology because they can be used in mieropaleontology in the 
same manner as foraminifers. 

Anhropoda are characterised by the presence of an external skeleton 
(exoskeleton) and by a fundamentally segmented body bearing paired 
appendages on most segments. In most arthropods the segmentation of the 
body is reflected in the axial exoskcleton as a series of joints separating ar¬ 
ticulating segments (somites). Moreover* that portion of the exoskcleton 
which surrounds the appendages is also divided by joints into movable seg¬ 
ments so that the animal can move about-—hence Arthropoda, meaning 
pointed feet." The exoskdeton consists of chitin* although extensive calcifica¬ 
tion of some forms during life has rendered the chi tin quite rigid, except 
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si the joints. Bodies of most arthropods mo be different,«dinto a to d. 
thorax. and abdomen, for which special names are given in different groups, 
depending opon the amnnot of (us™ of somites m.oun.fcd 
ofThe tod, for instance, me fused together ,n all MM *££ 
other somites mote or less retain their atticolating poten taltty. Br st eh 
hairs, the setae, fringe many regions of the body, pantculatly the limbs, and 
limbs of some groups terminate in puiccrlikc clawS. 

Subaqueous arthropods breathe by means of pH. which may be W on 
the"S o, confined to a special gill chan,ben Aictoa*ea on dmoto 
hand, tend to dcselop tubular processes (tracheae) which tarmftrtl “8 
the tissue, and communicate with the estcrior through special pore. whtch 
enable exchange of carbon dioxide and oxygen. The nervous system of - 
duopod, is highly organized, with special sensory devices on .he head tn 
the form „[ antennae and amennute, as well as in simple and compound 
eves. The double nerve coed comer, in a brain and tor, pans of gang! am 
most somites. Sexes see separate and eggs ether hatch mmrnnlly or es- 
rcnrallv. In man. form, .here is s rcmatkable metamorphosis m whtch he 
body of s caterpillar, for instance, is antecedent to that of a moth ° a . ' 

flv. in some degenerate form.,, on the other hand, all trace of arthropodan 
segmentation is lost and the affinities of dm adult creature are ohseur 

Understanding the relationship among various Arthropods assi > 
knowing something about the larval development of some Ifftototo 
All Crustacea are characterized by the pccsence ,n ^ >* *£«*> 
history of a larval nauplius stage about, millimeter in diameter (Ftp fives • 
When the first nauplius was discovered in 1785 it was no ^ 

represented a larval stage; hence, lo, a .hurt tune thereafter spec.* "“ 
described under the asrumpuon that nauplius was a Genus. . P 
larva consists of an ovate body bearing three pan. of appendages and a SB 
median eye spot. Each of the anterior pair of appendages consists of a sing 
r^Txis hearing two setae a, it. dp U becomes the 

adult crustacean. The seepnd pair of appen s ° j ' j s 

a small ray. each of which bears several setae. Th.s biramout append ge 
the principal swimming organ in the larval stage but becomes ^ ™ 
the adult The third or posterior pair of appendages u 
setae but is smaller than the second pair. It helps the larva to swim but be¬ 
comes a mandible in the adult. Further growth of the larsa entails ad g 
thoracic segments and increasing the number of biramous 
pendages to five pairs; at this stage the larva is called a metammpluis. Oth 
stages are recognized but are not pertinent to general considerations. It ill 
be noted, however, that the first pair of appendages is fundamentally umram- 
ous and that the others are biramous. Moreover, the biramous appendages 
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arc strictly locomotor in (unction in the larvae, even though they may take 
on some other function in adulthood. 

Growth of many Arthropods poses serious problems because the soft body 
is encased within an essentially uncxpandable exoskrfeton. From time to 
time some arthropods such as ihe Crustacea find it necessary to shed the 
exoskelcton and to grow 1 a new one. This operation of molting or ecdjrsb 
is exemplified by blue crabs* which, when they have cast off their overly 
tight exoskeletons, arc "soft-shelled crabs" (and are a prized delicacy* not 
only to people but to massy marine predators). For a matter of a day or so 
the soft shell is covered only by a paper-chin chitinous membrane, inside of 
which the soft body expands in anticipation of acquiring a new suit of 
armor. It is known that ctdysis commences at the natiplius stage and con¬ 
tinues during most of the life of various arthropods, commonly involving 
half a dozen molts. Each molted carapace is referred to as an instar* It is 
thought by some biologists that the add it ton of every new somite may require 
a new molt, in which case, for instance, most iribbites would have molted 
10 to 15 or more times. Obviously, animals which molt are more apt to 
leave fossilized remains than are animals which do not molt* Moreover, 
cedysis brings about some rather considerable changes in the appearance of 
molts o£ trilobites; hence, it is not surprising that different molt stages of the 
same species sometimes have been given separate generic and specific names. 
Strange ty s however, molt stages in most instances are not known to reflect 
the supposed phylogeny of most arthropods, even though the molted 
exoskclctons represent ideal material for examination of young stages. Per¬ 
haps adaptations of young animals overshadow phylogenetic features or 
crowd them back out of the developmental stages represented by molting. 

Arthropods are rather generally conceded to have arisen from the Annelida 
by coalescence of several anterior somites into a head, by development of 
jointed appendages* by improvement of the nervous system, and by reduc¬ 
tion in the number of functions carried on individually by each segment. As 
in ihe case of the annelid worms, new somites are added to the body lust 
anterior to the ana! segment. Unlike the annelids, however, segmentation 
in Arthropoda merely affects the exoskclcLon instead of also dividing the 
internal organs into successive metamercs, 

GLASSIFICATION- So diversified are the Arthropoda* and so special¬ 
ized are the interests of students of arthropods, that great difference of 
opinion exists as to how many large taxa should be recognized and what 
taxonomic level should be assigned the taxa. Recent tendencies arc to elevate 
former Glasses to the level of Subphyla or even Phyla. No matter how de¬ 
sirable the proliferation of systematic groups may bc T it poses grievous prob¬ 
lems to a student entering upon the study of Arthropods. Comprehending 
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the nuances of elaborate classifications of Arthropods requires a degree of 
familiarity ant normally attained without special training in zoology and 
paleontology. Moreover, the effort thus expended would be all out of pro¬ 
portion to the value of the knowledge to a paleontologist, Accordingly, the 
classification of Arthropods used herein is a simplification of most current 
ones rather than a definitive classification. Arthropoda are treated as a homo- 
gencous Phylum and the main groups are treated as Classes. 

Phylum XIII. Arthropoda 
Class A- Onychophora 
Class B. Trifobkac 
Class C. Chclicerata 
Class D- Crustacea 
Class E. Tnsecta 
Class F- Myriapods 
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CIqss A, Onyckopkora 

chophora is so aberrant that some systematise have made 
separate Phylum or Subphylum. Recent onychophor.ms have 
worm like shape with at least i-| pairs of stumpy appendages bearing tiny 
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Figure 12.1. On^hapherfl. 
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(1 olivr Hufchinjin. 1931, 2 , 3 ofl^r 1WJ 


2 . Borwl ntw ef 


daws. There is no segmentation of the body* but the supposed rc L uions up 
of the Qnychophora to the Arthrnpoda is shown in details of the cm ryo ogy 
and in die presence of tracheae. On the other hunch the close resem anceo 
the Onychophora to the Annelida is revealed by the nature of the ncphridia 
and the reproductive apparatus. Certain ciliated otgans are present in t is 
Class, as in the annelid worms and in more primitive Phyla, but arc absent 
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in the arthropers. It is possible thnt ihe Onychnphora arc transitional be¬ 
tween the Annelida and the higher Arthropods 
Peripot aides is j living example of the Class (Fig, 12 , 1 . 1 ). k is strictly 
terrestrial. The only fossils referred to the Class have been questioned. Of 
these* dysJitr&iij, from the Burgess shale (Middle Cambrian) is the best known. 



marginal furrow 


eye 

cheek 
furrow 
glabellar lobe 
occipital rrns 
genal spine 


forfaw 
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o*bl lobe 


-pleural bbfi 
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Aysheata was* marine animal and therefore probably lacked tracheae. More* 
over, only ten pairs of appendage are present, but these bear sis claw* 
whereas appendages of Recent onychophorans bear only two daws. AysAtmi 
may represent a very primitive onychophoran which is closer to the annelids 
than to rhe arthropods, although being intermediate between the two croups. 

Onychophorans bear chitinous mandibles (Fig, which might be 

preserved as fossils, although none has been reported as yet. 
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Class B* Trilobitae 

Of all fossils, trilobfrcs seem to be especially interesting because they are 
among the earliest of animals, were the first so-called “rulers of the world," 
have been extinct a long time* and still resemble living arthropods in general 
appearance. As many instructors know, a field trip which includes a visit 
to a trilobate locality is almost sure to be considered worth while by students* 
Trilobites are the hallmark uf paleontology. 

The exoskdeton of a iribbite consists of a dorsal shield and a ventral shield. 
The ventral shield is not calcified; hence it usually decomposes after death 
and is rarely fossilized. The dorsal shield, however, is calcified and therefore 
comprises the fossilized trilobite material generally collected (Fig. 12.2). The 
so-called dorsal shield is not entirely dorsal, incidentally, because its margin 
all around the animal is recurved vcntrally for a short distance co form a 
narrow shelf like doublure. The doublure gives the margin slight round ness 
and thickness. The dorsal shield is divided into a headpiece or cephaEon. 
several articulating segments in the thorax, and a tailpiece or pygidium- These 
three bodily regions are divided bv two longitudinal axial furrows into an 
axial lobe and two pleural lobes* “Trilobice^ refers to longitudinal lobation 
and not to cephalon, thorax, and pygidium. Most fossil trilobites represent 
mu!ted dorsal shields; therefore* these shields generally are Oshaped or they 
may be completely flexed in the thoracic region so that the tip of the ecphalon 
and the pygidium are neatly opposed and the dorsal shield is hall-shaped. 

CEPHALON- By far the most important part of a trilobke for study us 
the cephabn* because it shows the most modifications of structures. In fact, 
most trilobites can be identified from the cephabns alone* or even from parts 
of a cephabn. Cephabn s typically are semicircular in outline, with the 
straight posterior margin articulating with the thorax. The axial lobe con¬ 
tinues forward onto the cephabn as a raised central region, the glabella, 
which is separated laterally From the cheeks by continuations of the two 
longitudinal axial furrow^ and h separated anteriorly from the brim by the 
preglabellar furrow* The cheeks and brim are continuous surfaces around the 
glabella. A marginal furrow follows a course parallel to the margin of the 
cephabn and just inside it, thus delimiting the intervening region as the 
border, A pair of eyes generally lies on the cheeks and may be connected with 
the glabellum by a facial ridge. In must triinbiles the ecphalon bears two 
facial sutures, each of which passes lengthwise close to the axial side of an 
eye. Thus, the cheeks are divided into outer or free cheeks which may become 
detached from the remainder of the cephabn and fixed cheeks which always 
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remain Firmly united with the glabella. A glabella and two Fixed cheeks 
together constitute a cranidium. 

The only visible segmentation on the cephabn is confined tn the glabella. 
In all cases a narrow posterior part of a glabella is set off from die rest 
of the glabellum as the occipital ring, by the occipital furrow. In many 
trilobites the occipital furrow and the posterior part of the marginal 
furrow make a continuous groove across the ccphabn. Anterior to the 
occipital furrow there may be three glabellar furrows, or three pairs of 
glabellar furrows in cases wherein medial portions of furrows disappear anti 
only the lateral portions remain. The three normal glabellar furrows and the 
occipital furrow divide the glabella into five segments, of which the oc¬ 
cipital ring already has been mentioned; the anterior segment is the frontal 
lobe and the other three arc glabellar lobes. Glabellar furrows exhibit a dis¬ 
tinct tendency with the passage of time to diminish in strength, starting at 
the anterior end and then shilling posteriorly; commonly the occipital furrow 
is retained, but even it may eventually disappear. Loss of glabellar furrows is 
interpreted as evolutionary advance, being in accord with supposed improve¬ 
ment in ccphalization of anterior somites of arthropods. Considerable con¬ 
fusion exists as to exactly which furrow or lobe of one triluhke is homologous 
with a corresponding feature of another mlohitc. For instance, a fourth pair 
of glabellar furrows has been reported in the group of furrows anterior to 
the occipital furrow In a few tribbites. Moreover, a pair of posterior-Iateral 
lobes may be isolated from the rest of the glabellar lobes as so-called occipital 
lobes* but occipital lobes may nut be homologous in all tribbites (compare 
PkUIipm or Ditomopygc with Flextcalymtiie or Ettre{ia ) + Finally, a few 
tribbites {Ditoptopyge y for instance) have a preoccipital bbe of uncertain 
derivation which Is located between the occipital lobes and anterior to the 
occipital ring. 

Several modifications of the glabellar outline are noteworthy. In some into- 
bites such as Elratfiw the glabella tapers anteriorly, but in the majority of 
Genera there is a strong tendency for the anterior portion to be expanded 
laterally- In Anednikoidcs the axial furrows are parallel and in Piffindoxidts 
the frontal portion of the glabella is much wider than the posterior portion* 
Various other shapes are known, such as the sinuous sides of the glabella of 
GriffitAides and the teardrop-shaped glabella of Cryptoihhus, hotcius has lost 
every trace of its glabella, » ii has a perfectly smooth cephalon as well as a 
smooth pygidium. Glabellac with, primitive outlines may appear Ear later 
in one strain than outlines of advanced shape may appear in a closely related 
strain; therefore, it is apparent that rates of evolution and directions of 
modification of glabellar outlines are Irregular and complex. 

It will be remembered that the dorsal cephalic shield continues around 
onto the ventral surface as a doublure. The surface of the doublure may re- 
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scmble that of the dorsal shield o t it may be ornamented with distinctive 
striae. The cephalic doublure is a semicircular rim around the curved anterior 
and lateral margins. Attached more or less securely to the central pari of 
the doublure is a movable flap of skeletal tissue* the hyposiome, which covered 
the mouth as an upper lip in life (Fig, u^.i). The hypostomc generally com 
sists of a large centrally swollen area surrounded by o depressed border. 
Anterior lateral regions may be expanded into winglike processes, and the 
midposterior region may be indented rather deeply. In many in Imbues a pair 
of tiny raised nodes called maculae (sing, macula) lie just behind the 
raised central portion of the hyposiome (Fig. 12,6.4). 

THORAX. The thorax is the least significant portion of a trihbite* possi¬ 
bly because most of its modification took place early in the history of the 
Class. A thorax consists of segments separated by pints or articular furrows. 
The central raised portion of a thoracic segment is the axial ring and the two 
lateral portions ate the pleura (sing, pleuron). Pleura may be smooth* or 
grooved parallel to the articular furrow by a false joint or pleural furrow, or 
equipped with a pleural ridge or with punctae in place of the pleural furrow. 
The lateral or outer portions of the pleura terminate in angular edges which 
give the thoracic margin a distinctly saw-toothed or spinose appearance r In 
very primitive trllobiccs the inner pleural areas anc narrow and the outer 
pleural areas consist of long spines. Moreover* posterior thoracic segments of 
primitive trilobites arc less broad than arc the anterior segments T so the 
trilobites may taper notably from anterior to posterior* During the passage 
of time die breadth of the posterior thoracic segments increased until all 
thoracic segments were about equally broad; moreover, the inner pleural 
areas expanded laterally; whereas the length of spines on the outer pleural 
areas decreased. At the end of these changes the thorax had acquired more 
or less parallel sides and the broad inner pleural areas had become fringed 
only with short blunt spines of the outer pleurae. 

Articulation of thoracic segments improved with the passage of time. The 
calcified segments of primitive trilobstes essentially abut one against the 
other and are united by a U-shaped band of flexible chi tin along the base of 
the articular furrows. Upon death the chit in decomposed and the thoracic 
segments could be disassociated easily by currents. This explains the paucity 
of complete specimens of many Early Cambrian trilobites. A famous locality" 
in the Marble Mountains in the Mojave Desert in eastern California, for 
instance, yielded only ha IE a do2en specimens retaining articulated thoracic 
segments in a single collection of 1150 specimens. Improvement in articulation 
of thoracic segments came about quickly* however* for the segments of many 
Middle Cambrian and tif almost all later trilobites retain their articulation. 
This is because their articular furrows become interlocked by a slight enroll¬ 
ing of the adjacent margins. 
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A final phenomenon affecting the thorax is change in the number of seg¬ 
ments. Trilobstcs can be divided into two great groups on the basis of how 
many thoracic segments arc present. A few Cambrian forms such as Agnosias 
and Eodiscus have only a or 3 thoracic segments, reflectively (Fig. ji.io). 
All other Cambrian and later trilobites have at least 6 thoracic segments, and 
most of them have from 9 to 15. The number is rather constant for adult 
molts of a species. Although the number increases in some evolutionary 
Strains, decrease in the number of thoracic segments Is the dominant trend. 
New segments are added posteriorly at the junction of the thorax and the 
pygidinm. From studies of molt stages it appears that a new segment first 
appears as the most anterior segment fused to the pygldium, but in a later 
molt stage the segment will have become a freely articulated part of the 
thorax and the pygldium will have lost one segment. 

PYGIDIUM. A pygidium consists of a number of somites which have 
fused into a rigid plate by calcification of articular furrows. Some pygidia 
represent only hall a dozen somites, but others represent 15 or 20, The number 
is rather constant in a single species. Just as in the thorax, the axial lobe 
continues onto the pygidium, but usually does not cross to the posterior 
margin. Pleura resemble thoracic pleura in having pleural furrows and false 
articular furrows. False articular furrows may extend to the lateral margins 
of the pygidium or may not reach it. Pleural furrows normally do not reach 
the margin. In cases wherein neither set of furrows reaches the margin, a 
smooth marginal flange is produced. Ordinarily, pleura! furrows diminish in 
strength and disappear from a pygldium before false articular furrows do P 
hut in a few cases the reverse is true. Some care is needed in order to de¬ 
termine whether the obvious ribs on the pleura of pygidia represent entire 
somites or halves of pleura between two different sorts of furrows. In some 
cases it is not possihlc to decide which part of a pleuron is homologous with 
a rib. Differentiation of ribs or of true pleura is desirable because the number 
of somites in the axial lobe of pygidia may be different from the number in 
the pleural lobes. Thus, pygidia of Di^hccpkalaj (Upper Cambrian) may 
have five axial somites and ten pleural ribs (Fig. 12.11.8b), and pygidia of 
P&dcQpt (Devonian) may have ten axial somites and six pleural somites 
(Fig. 12.14.1). In some Genera such as Imtehit (Ordovician), almost every 
vestige of segmentation has been lost from berth the axial and pleural lobes 
so that the pygidia arc nearly smoothly convex shields (Fig. 12.11.3), 

Pygidia vary from the normal outline of a semtellipse to attenuated V- 
shaped and quadrate outlines. Margins may be entire, indented posteriorly* 
or equipped with spines in line with pleura so that margins resemble the 
thorax closely. Still other pygidia have smooth marginal flanges bearing 
several curved spinose processes not in line with pleura; or just a pair of 
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large* curved, posterior spines; or perhaps just a single, elongate, caudal spine. 
Quadrate pygidia tend to have very broad marginal flanges. 

Pygidia arose from forms such as Paedtumias in which there is no fusion of 
posterior somites, but in which the body merely tapers posteriorly or even 
bears a string of narrow post j thoracit segments which resemble the tail on 
a kite (Fig. 12,9*7), ll Mms thaE E ^ e dominant trend in pygidia I evolution 
was for increase in size until the pygidtum became about the same size as 
the cephalon. On the other hand, pygidia in a few cases decreased in size. 
Details of pygidia! construction* shape, and size are considered by some 
paleontologists to be as valuable in study of trilobitcs as are facial sutures, 

EYES, Eyes of trilobitcs are unusually interesting, not only because of 
their morphologic features and their value in interpreting habits of trilobitcs, 
but because it was through the eyes of trilobitcs that creatures first looked 
out on the face of the earth. Arthropods in general have simple or compound 
eyes. In a simple eye the single lenae consists of a tiny, chickened, transparent 
node of the exoskclcion, beneath which are a few sensory and pigmented cells. 
Compound eyes, on the other hand, typically consist of a large number (up 
to about 25,000 in some insects) of separate visual bodies (ommaddia), each 
of which consists of an outer* lens-bearing refractive medium and a deeper 
sensory or perceptive region (Fig, 12*3^). Individual am mat id ia are separated 
by intervening pigmented regions so that each ommotidiurn receives its 
own impulses. Moreover, curvature of the eye surface causes each onv 
matidium to be directed in a different direction over the field of vision. 
Compound eyes are especially sensitive to changes of movement in an object 
under observation* 

Closely associated with normal compound eyes are facial ridges, one of 
which connects each eye or false eye with the anterior inner part of the 
frontal lobe of the glabella. Facia! ridges are strongly developed in primitive 
trilobiies, such as Mefonacis (Fig, I2.8) + but are lost progressively in more 
ad synced Genera* Lower and Middle Cambrian trilobitcs, many of which 
seem at first glance to be equipped with large and impressive eyes on the 
dorsal surface, actually are blind, and their false eyes are nothing but ex¬ 
tensions of the facial ridges. The oldest tritebite with dorsal eyes may be 
Eitrycarc from the Upper Cambrian of Sweden, 

In addition to the primarily blind trilobiies, another category of trilobitcs 
has become blind secondarily by progressive reduction in the size of the 
eyes. Variations in eye size arc common among trilobiies:, and several strains 
have become blind. The free cheeks of blind trilobitcs commonly are narrow 
marginal slivers* although this is not always the case. It does seem that 
marginal retraction of free cheeks can accompany blindness in some strains- 
Secondarily blind trilobites commonly are adapted for a burrowing existence, 
as is also indicated by their smoothly streamlined surfaces. Trilobitcs of the 


INVERTEBRATE paleontology 


494 


Faunty Triiuicleidat bcnr testimony to the course of progressive blindness 
for larva] molls bear eye spots, bui aduk molts tack any trace of eyes. 

Simple eyes (also called ocelli, sing, ocellus) have been identified in a few 
trilnhkes, but are not common. In EvAarptf (Ordovician) one or two large 
ocelli lie at the ends oi the facial ridges. Perhaps tiny ocelli will be discovered 
in more tribbkes as detailed studies increase. Ocelli could occur at uuac- 
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pcctcd places on cephalons and be confused with the tubercles which com- 
monly stud the surfaces of trilobites. 

Compound eyes are the obvious eyes of irilobites (Fig. 12.3). [f the surface 
ofc a compound eye is covered by a continuous, smooth, transparent cornea, 
beneath which the separate lenses axe located, the eye is a truly compound or 
0 0c roal eye. These arc the most common eyes seen in irilobites, as well 
as in most arthropods. In a few Genera, such as Phocops and Greenopf (Fig. 
I 3 -S‘f» 4)1 however, the separate ommatidia are recessed below the general 

eye surface so that the lenses lie in lensaJ pits and arc separated by a cribwork 
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of intervening frames. In this latter ease the cornea consists of small discrete 
links and each lens is covered with its own separate cornea; these arc not 
truly compound eyes but are aggregate eyes or schizochroal eyes- Lcnsal pits 
are circular in most eyes and in all early stagey but become hexagonal in 
some eyes or in some late ontogenetic stages. In Phucops rana Lhc ommatidia 
are arranged in two obliquely intersecting rows. From 8 to 11 rows occur in 
vertical succession, and each aggregate eye contains from 33 to 88 ommatidia. 
About 65 to 8a ommatidia are present in most specimens. From theoretical 
considerations, it generally is supposed that ocelli are primitive eyes and that 
compound eyes evolved from them, after which aggregate eyes evolved from 
compound eyes. Not much paleontologic evidence bears on this subject as 
yet, and stratigraphic evidence is contradictory* The oldest ocelli are known 
from Early Ordovician trilnbkcs, whereas the first compound eyes occur in 
Late Cambrian forms, and the first aggregate eyes are Devonian* The fore¬ 
going occurrences lead us in believe that eyes are of very ancient origin and 
that the evidence from fossils represents stages much too late to reveal the 
evolutionary history. 

Eyes are wonderfully adaptable among trilobites—possibly being the most 
sensitive indices of their habits- Eyes on the anterior margin of die cephalon* 
or eyes extending around the anterior margin from dorsal to ventral t are 
thought to indicate an active swimmer, whereas large eyes on the ventral 
side of 1 he cephalon indicate a surface-dweller. Most trilobitc eyes are located 
midway on the free cheeks and occupy slightly raised curved areas. The 
compound or aggregate lens system enables die kind of vision that would 
be useful to a creature whether it crawled over the bottom or swam about 
occasionally. A rather startling modification produces eyes at the tips of long 
stalks above their normal sites, as in Miraspii (Fig, n-3-3)' Presumably the 
stalk-eyed trilobites were half-buried grovders in the surficial sediment. Bur¬ 
rowing habit is thought to be indicated by blind trilobites, which, like 
hoteltts and Btimastus, have smooth dorsal surfaces w ith suppressed Jobation. 
Various evolutionary trends have been detected in the eyes, such as shifting 
from ventral to dorsal in position or increasing or diminishing in size. 

Atgiina had the largest eyes of any trilobitc. In species of this Genus the 
compound eyes arc two huge orbs on the margin of the cephalon, and to* 
gethcr comprise more than half of the whole cephalon (Fig- 12,3-5)* Prob¬ 
ably the strangest place for eyes, however, is on the hypostome (Fig, 12.64). 
Several functional eye spots have been detected on the posterior surfaces of 
maculae on hyposlomes. In all, 136 species belonging to 39 Genera are know n 
to have had hypostomes, and eye spots had been found on hypostomes of 36 
species of these by Lmdstmm as early as 1901, Interestingly, some larval Re¬ 
cent crustaceans bear eye spots on their hypostomes^ although no eyes are 
present adjacent to the mouths of adults. 
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SUTURES. As normally applied to trilubitcs, the word suture implies an 
uncaleificd seam of chi tin sit the cxoskclcton of the cepha!on + Sutures of 
fribbites resemble seams because the chirin decomposes eiiher after the death 
of the animal or after the molting of the carapace. In a way, sutures are 
analogous to articular furrows in the thurnx* because both consist of un- 
ca killed eh it in r It follows, therefore* that sutures may have served primarily 
to impart flexibility in the broad cephalon, It has even been hypothesized by 
some paleontologists that sutures are not only analogous to articular furrows 
but are homologous with these furrows; and therefore the two free checks 
may represent aberrant remnants of a former segment. Direct evidence to 
support this theory has not been forthcoming. 

It generally is conceded that cedvsis o£ trilobitcs was facilitated by the 
splitting of the cephalon along sutures. Thus, the soft tissues, being tapered 
posteriorly, were able to wriggle out of the anterior end of the ruptured 
carapace. It will be noted that the visual surfaces of eyes would be freed 
at an early stage of molting and accordingly would receive a minimum of 
rough usage and would be lionfunctioning for only a short time when sight 
is a major factor of survival. Sutures therefore seem to have served 
at least two functions, splitting being an adaptation of the earlier service of 
flexibility. Although free cheeks may have hung on to the rest of the molted 
cephalon for a time by shreds of chitm remaining in the sutures* decompose 
tion of that chirin eventually could release the free cheeks. No wonder* then, 
that isolated free cheeks abound in some strata or that era nidi a in the same 
beds commonly lack free cheeks. Of course* in cases wherein free cheeks 
are not completely outlined by sutures, they remain attached to the rest of 
the cephalon and may even fall back into the positions they occupied in life. 
Molted carapaces* therefore, commonly arc so complete and natural-appearing 
that a person usually is puzzled as to whether the carapaces really are molts 
or possibly represent dead adults. 

The most obvious sutures, and the only ones which normally can be seen* 
arc facial sutures on the dorsal side of ihc cephalon (Fig. 12.4.1b). The anterior 
limbs of the facial sutures generally commence at the margin just anterior 
to the eyes and extend back along the axial sides of the faceted portion of 
the eye* separating the 3 ight-s«nsiiive area on the free check from a mere 
raised skeletal area (palpebral Jobe) on the fixed cheek against which the 
eye abuts. The posterior limb of the facial suture follows one of three courses, 
but its path is constant for adults of a species. In opisthoparian trilobites 
(Figs. t2.i 1; 12,13)* l ^ c posterior limb continues posteriorly from the eye 
and intersects the posterior margin of the cephalon at some point between 
the lateral margin of the glabella and the gen a! angle* 

In propanan trilobites (Fig. 1244), the posterior limb diverges laterally 
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from the eye and intersects the lateral margin of the ecphalun at some point 
anterior to the gcnal angle. 

The third or intermediate group* for which no formal name has been 
acceptcdf is characterized by Ftextcalymenc (Fig. ja.i 2 £a), in which the 
posterior limb of the facial suture passes precisely through the gcnal angle. 
The intermediate calymenoid condition once was thought io represent a 
transition from opisthoparhn to proparian sutures. This hypothesis was sup¬ 
ported for a long time by the complete dominance of Cambrian faunas by 
opisthoparian trilobitcs* whereas post-Cambrian faunas supposedly con¬ 
tained the first proparians as well as the later opisthuparians. It is known 
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now h however, that opisthoparians range from Early Cambrian to Permian, 
and proparians range from Medial Cambrian to Mississippi an; hence, pro¬ 
parians such as Burhrrgtii (Fig- 12.14.5) occur early enough to be ancestral 
to typical post-Cambrian proparians. It was also known for a long time that 
the posterior limbs of facial sutures tend to move closer to the genal angle as 
time passes; hence, cjpisthoparians could have given rise to proparians through 
a form such as the caJymenoids, On the other hand, proparians might have 
been ancestral, even though the majority of examples seem to indicate that 
opisthoparians were ancestral. Recent studies indicate that proparian sutures 
occur in early molts of species in at least five Genera whose adult forms have 
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opisihoparian sutures. From the present state of our knowledge it seems that 
similar patterns of facial sutures may have arisen along different courses 
and that opisthopanan and preparian sutures may not indicate genetic re¬ 
lationship. 

In addition to the facial sutures, other cephalic sutures arc present on many 
irilobites, hut they are almost or entirely hidden in a dorsal view. It is 
necessary* therefore, to study the doublure and its structures in order to 
locate the other sutures (Fig. 12.4). tn the first place, the entire doublure 
may be separated from the rest of the dorsal shield by a marginal suture 
which, as the name implies, lies along the outline of the cephalon, PaedcumiaS 
is an example of a trilnbitc with a marginal suture, and Paedrumiui even 
bears its hypostome on the doublure (Fig. 12.5.1)* Hypostomcs may be sep^ 
araced from doubltires of some irilohEtcs by a hypostomal suture or may re¬ 
main attached to doublures along a hypostomal furrow. In the former ease* 
isolated hypostomes may occur scattered through sediments. Incidentally, 
some hypostomes have been mistaken for early molt stages, and, indeed, the 
resemblance of the two can be great. In the third kind of ventral suture a 
sector of she doublure at the anterior margin becomes separated from the 
lateral portions of the doublure by a pair of transverse connective sutures* 
At the same time the intervening sector becomes separated from the dorsal 
shield by a rostral suture which may or may not be continuous with the 
marginal suture; the resulting isolated piece is the nostrum* Considerable 
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difference of opinion exists as to the homologies of rostral and marginal 
sutures, as well as to whether connective sutures arc merely ventral extensions 
of facial sutures extending across the doublure or are special sutures. Kjer 
and Warburg both supported a hypothesis of Barrandc that the two tom 
nective sutures such as are present in Poradoxidcs and Calymtn* moved 
closer together until they obliterated the rostrum and fused into a median 
suture, as in isotehts. Then,, by a slight additional loss* the median suture dis¬ 
appeared, as in Ddmanitin** Convincing phylogenetic series have not been 
assembled in support of this hypothesis, although isolated morphologic: stages 
such as arc shown in Figure 12*5 can be selected to illustrate it, 
APPENDAGES. Tribbites had been known from dorsal shields alone 
since 1698, long before ihc first unquestioned trace of ihe ventral shield or of 
appendages was discovered in 1825. Biologists had eagerly awaited the dis¬ 
covery of ventral structures and paleontologists had earnestly sought suitably 
preserved material Interest in appendages of trilobites flourished with only 
slight encouragement because appendages arc the key to unraveling affinities 
of most groups of the higher Arthrapoda, and trilobites have universally been 
recognized as the most abundant, primitive, arthropodan fossils. A few in¬ 
significant appendages of trilobites had been reported before an assiduous 
collector traced a single loose specimen of TriartkttM Pcc\i to its outcrop 
in the Utica shale (Ordovician) in New York in 1891 and discovered thereby 
one of the most important beds of fossils in the world* In order to collect 
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from a layer only 10 millimeters thick, tons of black shale have been quarried 
in the search for pyrin zed specimens which preserve the ventral anatomy. 
From a collection of 50a specimens, C> E + Beecher prepared 50 specimens 
by rubbing away the matrix with fine abrasive and rubber erasers. In this 
fashion he revealed for the first time the appendages of three Genera of 
trilobites. Since his work, other less prolific localities over the world have 
provided material from which the ventral anatomy of about two dozen 
species has been determined. 

Details of the organization of trilobite appendages are quite as significant 
as biologists and paleontologists had hoped that they would be. The eephalon 
bears five pairs of appendages, arrayed alongside a subcentral mouth (Fig, 
rz^fi), Each member of the anterior pair of appendages* the antennuk, 
consists of a single strand. The next four pairs are biramous* segmented, 
walking limbs which resemble very closely the bi famous walking limbs of 
the thorax. Great significance is attached to tile correspondence in number 
between the five cephalic appendages and the usual five segments of the 
glabella. Of particular interest is the lack of any mouth parts on a trilobite. 
Cephalic appendages of some higher arthropods seem to have been modified 
into mandibles and maxillae; hence* the discovery of true locomotor limbs 
around the mouths of very primitive arthropods (trilobites) supports the 
hypothesis that mouth ports of arthropods evolved from legs, If ( as seems 
probable, trilobites either raked food panicles toward their mouths with 
their limbs* or scooped up food between the hypos tome and mouth when they 
stepped backward, it must have been very convenient for some forms to 
have had a patch of eyes on the hypostome where the food-gathering opera- 
dons were centered. 

Appendages seem to have been similar along the whole length of the 
thorax. This in itsdi is considered as a primitive character from which 
higher groups arose by reduction in number and by specialization of ap¬ 
pendages, Appendages probably were eliminated from the posterior somites 
first. 

As with cephalic appendages, thoracic appendages of trilobites are biramous. 
The same terminology adopted by students u£ Crustacea is applied to ap¬ 
pendages of trilobites. Thus, the basal unit of a trilobite limb is a single large 
segment, the coxopodite. It commonly bears a rigid knuckklike extension 
on the axial side (Fig. nfi.i) of its pivot point. When the leg moved pes^ 
termrly, the axial node necessarily swung forward. According to one view, 
oscillation of the nodes on opposite sides of the ventral midline could have 
been used to advantage by the animal to move food forward to the mouth. 

Springing from the coxupodiu are two rami of the appendage. The ventral 
ramus or endopodite* which by next tn the ventral midlme, consisted of six 
segments in a row (Fig. jz + 6,i, 3), Endopoditcs seem to have been smooth* 
except or tin) claivs on the tip of the last segment. It is reasonably certain 
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ihai endopodites were used for crawling. On the dorsal side of the endopo- 
dke, between it and the ventral surface (farther away from the ventral mid¬ 
line, that is), lay a many-segmented slender ramus bearing numerous fine 
threads protecting ventrally from it like teeth in a comb. This ramus, the 
rxopodiie, presumably was used for swimming. If the pendant eomblike 
structures bore blood vessels, the endopodite also could have served for 
respiration. Among higher arthropods, for instance, exopodites may be 
the primary swimming organs or they may be modified into gillsj in both 
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of these castSj however, the endopodites usually are much reduced in iizc 
or may be absent, Endopodiics and exopodites are about equally long and 
may extend only to the edge of the thoracic doublure or may extend a short 
distance beyond it. 

Almost certain proof that trilobites crawled is found in the form of tracks 
made by some sort of li mb bearing* bilaterally symmetrical animal These 
chevron like tracks have been given “generic" names, such as CHmaUcnites. 
They are found in various fine-grained Paleozoic sediments, [n a few cases 
the paired footprints arc separated by a median groove where the ancient 
Wanderer seems to have dragged his tclson (Fig. izjfi.g). 

LARVAE* Seach for the earliest possible molt stages of trilobites has 
been encouraged by the expectation that early molts would provide evidence 
on the ancestry of the Arthmpoda as well as on the evolution of different 
genetic strains of trilobites. It has even been hoped that larval trilobites 
would resemble the nauplius larval stage of Crustacea. The first larva! 
trilobites were recognized hy Barrandc in 1849, and description of larval 
stages has progressed steadily since that time. Various larval stages of trilo¬ 
bites were called "degrees" by Barrande, but by 1895 Beecher decided that it 
was necessary m distinguish early stages of trilobites as protaspid larvae- 
More recently, Raw (1925) has proposed that the various molt stages of 
trilobites he grouped into three periods. The pmtaspid period, as restricted 
in definition, embraces the distinctly larval conditions from the first molt 
up to the time that the early single dorsal shield is divided into a headpiece 
and a tailpiece by a transverse suture (Fig. 12.7,1a, ib). Prntaspids are sub- 
circular 10 ovate bodies ranging from about 04 to j*o millimeter jn diameter* 
Most of the protaspid molts consists of cephalic structures. During the 
protaspid period a larval ridge may traverse the dorsal shield lengthwise. 
This ridge is the prototype of the axial lobe, and is the site of the earliest 
segmentation of the tribbite, for traces of five somites may be borne on 
the larva! ridge, Ultimardy the larval ridge becomes the glabella when 
the next period b entered, 1 he memspid period begins with the separation 
of the primordial pygfdium from the protaspis and continues through the 
youth of the trilobate while successive somites are added to the thorax and 
to the pygidium (Fig + i^.ie-ig). Mcmspid molts, therefore, span the in¬ 
definite boundary between the larval and posthrval stages. The holaspid 
period refers to molts in the adult condition and is defined as those stages in 
which individuals contain the adult number of thoracic segments (Fig. 
12.7.1b, u). 

It is recognized that protaspid molts resemble nauplius larvae in size and 
in five fold segmentation of the cephalic regions. Starting from these basic 
reatioiis ips, Beecher attempted a reconstruction of a complete protaspis 
based in part upon some philosophical considerations of the homologies of 
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crustacean limbs (Fig. 12.7.5)* On vtntra ' surface of a reconstructed 
protaspis he located 2 uniramous pair of antcnnulcs, followed by four pairs 
of biramous appendages* The second pair he assumed were somewhat larger 
than the others and served as major swimmtng organs, because this is the 
condition existing with respect to the pair in a nauplius which become 
antennae. Earliest nauplius larvae have only three pairs of cephalic ap- 
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pendages and there is no segmentation of the trunk region. By the time that 
five cephalic appendages arc present in a crustacean larva, the trunk is dis¬ 
tinctly segmented and the larva is in the mctanauplius stage. From these 
considerations it appears that Kg mentation in a trilobite larva occurs at a 
distinctly earlier stage than it does in a crustacean larva, Thus, the protaspid 
period can be correlated with the nauplius stages, and the early meraspld 
period approximately corresponds to the metanauplius stage. These would 
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be the expected relationships if trilobitcs are ancestral to the crustaceans. In 
general, differences between pmiaspid* and naupltus stages are thought to 
have arisen because of subsequent adaptations on the pari of ihe crustacean 
larva. 

Additional detail h known of the changes involved in larvae of tribbites, 
but most of it concerns individual differences in form and plan which need 
nni be described. In any case* different larval stages differ from each other 
rather strikingly; Compare* for instance, corresponding stages of Uajtraciis, 
Cctiymenc, and Sao {Fig* n.y.ig, 2 S 3). 

CLASSIFICATION. Cephalic sutures are peculiar to trilobites;. therefore 
much attention has been devoted 10 their description in the hope that they 
would provide especially valuable aids to identifying and classifying trilobites 
and to understanding their evolutionary changes. As a matter of fact, more 
attention has been devoted to the nature of sutures than 10 any other single 
character of trilobites. In spite of the most carefully discriminated sutural 
distt net ions, h is now rather apparent that sutures alone arc no philosopher's 
stone, from the use of which the relation ships of trilobites will be made 
clear. A recent authority ha* made the phimive observation that paleontol¬ 
ogists have been mesmerized by sutural detail and now will have to use all 
anatomic features in order to carry on the taxonomic study of trilobites. 

In view of a general lack of agreement as to how to subdivide the Class, 
no formal subdivisions are recognized herein among the Trilobkae. Instead, 
characteristics of several of the common groups arc described and! common 
Genera are cited. About Families of trilobites have been recognized, and 
2525 generic names are on record. 

Key to Major Groups ok Trilobites 


I. Two or throe thoracic segments 

A. Transverse furrows on axial lobe of 

pygidium .... Eodiwids 

B. No transverse furrows on axial lobe 

of pygidium ... . . Agnostids 

11 . Five or more thoracic segments 

A. No pygidium .* *..... Mestmidds 

B. Pygidium present 

1. Opkihoparmn facia! suture Opisthoparians 

2. Propartan facial suture , .... Proparians 


Mesonacids- This group includes the oldest trilobites and therefore the 
lir*t abundant faunas of the geologic record. The whole group is typified 
by Mcsanods (which is the prior name for Okndlus). Ccphabns are semi- 
circular and may or may not bear gena! spines, as well as small intergcnal 
spines projecting from the posterior border (Figs. 12$, 12.9). The glabdla 
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is tapered or parallel-hided and usually bears four or five glabellar furrows 
or pairs of glabellar furrows. The occipital ring is always prominent. Facial 
ridges normally arc very strong anti continue posteriorly as raised kidney- 
shaped areas which simulate eyes so a remarkable degree, but which arc not 
known to have borne visual organs. In &ho-it k aU mesonacid trilobiies were 
blind. No facial sutures, or, therefore, free cheeks are present. 

The thorax consisis of 15 somites which taper posteriorly until the fifteenth 
segment is reached; this segment consists largely of the axial lobe because 
pleura are reduced essentially to posteriorly curved spines. The fifteenth 
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segment, incidentally, can be identified because it bears a large, dorsal!y di¬ 
rected spine. Another very characteristic feature of mesonacids is the expan¬ 
sion of the third thoracic segment into a segment which is distinctly wider 
and broader than any others in the thorax. The V--shaped mesonacid thorax 
apparently represents a primitive condition, whereas the posterior pleura of 
higher tr Mobiles widened until the entire thorax was essentially parallel-sided- 
No pygidium b present in any mesonacid. Instead* there was a series of 
narrow post-thoracic segments which were about as wide as the axial lobe of 
the thorax but had very narrow pleura with short spines. As many as 47 
post-thoracic segments have been counted in mesonacids, but even then there 
was no evidence as to how the body of the animal terminated. Specimens of 
mesonacid* showing articulated thoracic segments arc uncommon, and speci- 
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mcn& with pisi-tharacie segments arc exceedingly rare. In some instances the 
fifteenth thoracic segment was interpreted as the pygidium and its spine was 
thought to be a tdson or caudal spine* but these were misapprehensions. 
The post-thoracic segments resemble io a remarkable degree a ncrcid worm 
appended to ihe thorax of a meson acid, h is not difficult, therefore* to pre¬ 
empt this appearance as additional evidence dial arthropods evolved from 
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annelids .ind that the mesonacids occupied an inter mediate position on tin 
evolutionary path. Stages in the supposed evolutionary series are depicted in 
Figure 12.9. 

Mesonacii [Olentlfas | is the best-known Genus. The oldest Genus of 
tri]tnines, however, is \fvodia, with its tapering body, Ptitdeumiat is an* 
other common Genus and is characterized by a small rostral suture between 
the glabella and the anterior margin of the cephalon <Figs. 11.5,1, 12.9.7). 
All of the seven known Genera of mesonacids are Lower Cambrian. Meson- 
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acids are widespread. Specimens can be collected in considerable quantities 
from Lower Cambrian strata in California, Nevada, and Pennsylvania. 

Agnosttds* Although agnosiids (together with the next group, the 
codisci ds) arc the smallest of the trilobites, they are very useful in strati¬ 
graphic work and are interesting from an evolutionary point of view. They 
range in size from i or 3 millimeters up to about 1 centimeter in length. 
Agnostids have only two thoracic segments and these usually bear one or 
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two nodes on the axial lobe (Fig. 1240*1-3)* The eephaton and pygidium 
arc semicircular to quadrate and generally are exactly the same size and 
shape. Although the axial lobe commonly is delimited by axial furrows, no 
eyes or facial sutures are visible on the potential eephaton, and no series of 
transverse furrows subdivides the axial lobe of the potential pygidium into 
segments. It is not surprising, therefore, that there have been differences of 
opinion as to which end of an agnostid is anterior. The consensus is that 
terminal spines on one shield probably point posteriorly as in most other 
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trilohitcs; that effaccmcnt of surficial details is most common on anterior 
regions as in other tri Solutes; and that articular facets sometimes seen on 
axial rings are on the anterior margins of the thoracic segments, Kobayashi 
(1939) bas suggested a useful rule-of-thumb method for orienting most 
agnostids, His system is based upon division of the axial lobe m one or both 
of the two (cephalic and pygidhl) shields by a transverse furrow. If the 
portion of the axial lobe nearest the thorax is larger than the distal portion, 
then that shield is the cephabn; but if the proximal portion is smaller than 
the distal portion, then the shield is the pygidiurm In addition, many 
agnostids have a pair of basal lobes at the posicrio ^lateral margins of the 
glabella; these may be occipital lobes, 

Agnosms is the typical Genus of the group E All together, however, 3S 
Genera and 28ft species (including synonyms) had been described by 1939. 
Species of Peronopsis and Psetidagmsim are common in North America, 
1 he first agnostids appeared in the Early Cambrian of the eastern United 
States where three Genera are known. By Medial Cambrian there was an 
explosive radiation of agnostids over the entire world. They declined in the 
Late Camhrtan and became extinct in the Late Ordovician* 

Two different interpretations have been made of the evolutionary position 
of the agnostids. According to one view these creatures are very primitive 
trilohitcs which gave rise to higher forms by increased segmentation and by 
development of facial sutures. According to the other view, agnostids rep- 
resent extremely specialized arthropods at the end of an evolutionary 
sequence of trilohitcs in which segmentation and eyes, and possibly sutures 
also* have been lost, A rather considerable literature exists on the phylogenetic 
position and significance of the agnostids. 

Agnostids comprise excellent index fossils in spite of their controversial 
morphologic nature. They seem to have evolved rapidly, and Genera and 
species are widespread* although agnostids do not seem to have been par¬ 
ticularly well adapted for swimming. If they were burrowers they probably 
would have preferred one kind of bottom in which to live, but their remains 
occur with more or less equal abundance in various kinds of clastic and 
carbonate sediments. It has been suggested by Howell and Resser (1934)1 
therefore, that agnostids may have clung to floating seaweeds and have been 
pseudoplanktontc, thereby attaining widespread distribution and also being 
entombed in dissimilar sediments. 

Eodisddsi Eodiscids are so similar to agnostids in size and appearance 
that some care is needed in order to tel] them apart. F/jdiscid trilobites arc 
characterized by the possession of two or three thoracic somites and by 
cephalons and pygidia of very similar construction. An ornamental internal 
or external border of nodes or crenulations is present on the cephaJort* and a 
variable number of segments (5 lq 14) is present in the axial Jobe of the 
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pygidium (Fig. 12.104, 5). Eodiscid dorsal shields usually art disassociated; 
hence* thoracic segments may be rare. Axial rings on the thoracic segments 
of eodiscids lack the paired nodes which characterize many agnostids, More¬ 
over, the glabellae of agnostids are prominently bibbed, whereas those of the 
codiscids are only faintly furrowed transversely, if at all. The largest eodtscids* 
when complete, are only about 2 centimeters long. 

Two subdivisions of eodiscids are recognized. The blind forms, typified by 
Eodiscus (Middle Cambrian), lack not only eyes, but also facial sutures (Fig. 
11404), A large spine extends backward from the occipital ring in this 
Genus. Eodiscus has three thoracic segments. The other group, characterized 
by Pagctia (Middle Cambrian)* bears tiny eyes near the lateral margins of 
the cephalon and the eyes are associated with small free cheeks and proparian 
sutures (Fig. 12.10.^). 

Eodiscids are known from Low r er and Middle Cambrian strata in many 
pans of the world. Five Genera and 12 species have been reported from 
North America, and the total for the world comprises 15 Genera and 46 
species. Early Cambrian eodiscids belong to the Atlantic faunal realm, but 
by Medial Cambrian time the eodiscids had migrated into the Indo-Pacific 
fauna] realm. So far* however, eodiscids have not been collected in Africa 
or in western and central Asia. 

OpislhopaiianSi Practically all Middle and Upper Cambrian trilobkes 
and the majority of post-C^mbrian trilobites have opisthoparian sutures 
(Figs. t2.i i— 12.13) ■ Authorities do not agree at this time upon subdivisions 
of the group, except that it contains about a score of Families. 

As soon as the mesonacids became extinct at the end of the Early Cam- 
brian T the opisthoparian s appeared as the dominant form of Medial and Late 
Cambrian life. Moreover, opisthnparians far outstripped the mesonacids in 
numbers and diversity. Thoraxes tend to remain articulated; therefore rather 
complete specimens can be collected. Evolution of cephalons can be traced 
primarily in changes of the shape of glabellae and in the number of glabellar 
furrows. Eyes of Cambrian opistboparians are usually distinct and do not 
vary much in position or in size. 

Pygidia of opisthoparians arc usually interesting because they not only 
appear for the first time in normal mbbites (that is, other than in agnesrids 
and cosdiscids), but they are subject to extensive modification. The number 
of segments in axial and pleural lobes of pygidia begins to vary disharmoni- 
eally early in their evolution; when pygidia! spines arc present on the margin 
their positions may cither be coordinated with segments or they may be lo¬ 
cated according to another plan. In some forms the axial lobe becomes nota¬ 
bly eIevated T and in others the pleural lobes expand laterally. Pygidia of 
Late Cambrian opisthoparians in particular had wide pleural lobes in con¬ 
junction with wide brims of cephalons. Bi^rlaccphahts (Fig. 1241.8) is 
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perhaps the best known of the scoop-tailed trilobites* but Pfcraccphalia (Fig. 
1 3. 11.7) bore the most extravagant brim on the cephabm 

Only a few Families of Cambrian opisthoparians survived into the 
dovieian, and not many Ordovician opisthoparians are known to have had 
Cambrian ancestors. Paradoxically, the second group of opisthoparians burst 
upon the scene at about mid-flarly Ordovician time in wonder Eul diversity* 
suggesting that they had evolved from unknown ancestors with largely non- 
preservablc skeletons. 

The most abundant post-Cambrian opisihoparsans arc the proctitis, char¬ 
acterised by Proctus (Fig. 13+11.5) and about additional Genera. Prpctids 
range from Ordovician to Permian and have the distinction of including the 
last surviving trilobites. Fifteen Genera of proetids arc known from the 
Permian, die last survivors of which seem to have made their stand in T imor 
and Sicily. Anisopyge (Fig. 12.12.7)* which is the youngest Genus of trilo- 
bites known from North America, occurs not uncommonly in the Guadalupe 
Series (Middle Permian) of Texas. During the later part of proetid evolution 
the number of segments in the pygidium tended to increase (particularly in 
the axial lobe) and a smooth marginal flange arose on the pygidium. 

Flcxsailymrne (Fig. 12.12a) and about a dozen related Genera comprise 
another group with generalized form which is especially common in Or¬ 
dovician and Silurian rocks in eastern North America, Fiexicaiymcnc is re¬ 
ferred to the opisthoparians somewhat doubtfully, however, because the 
posterior limb of the facial suture passes through the genal angle instead of 
occupying a distinctly opisthoparian or proparlan position. 

In addition to the foregoing opisthopanans with orthodox appearances, 
several groups became noteworthy and easily recognizable because of ana¬ 
tomic peculiarities or even monstrosities. Among the aberrant forms are 
Bumasius and hotchis (Fig. 12.12.1, 3), both of which lost almost every 
vestige of sculpture on the cephalons and pygidia and also lost their eyes. 
These Genera usually have been interpreted as bur rowers and mud-grubbers. 

Trinuclcid trilobites have prominently three-lobed cephalons; hence the 
name of the typical Genus. Trmucltuf. In addition, only six thoracic seg¬ 
ments are present* the pygidium is very small* and the adults were blind 
{although small eyes were present in young forms). In North America the 
typical trinucleids are represented by Cryptolithu** which is common in 
sediments in the Ordovician nf the northern Appalachian geosyncline and 
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extends west into t he mi dton [incut (Fig. 12,124). Even small fragments of 
the cep ha Ion of Cryptolnhus can be identified because the cephalic border is 
extensively pined and resembles a lacy ruff or frill* 1 he 13 Genera of 
trinudeick locally are abundant in Ordovician strata of Europe and North 
America* but only 2 or 3 Genera are common to both continents. Two 
Genera are known from Manchukuo* Rapidity of evolution enables the 
trinuclcids to be useful in correlations. 

A close relative of the mnucldds t Lonchotlomtfs r lacks a lacy frill but 
bears a remarkably long median spine like a medieval jousting lance on the 
front of the cephalic border (Fig. 12,12,6). Reconciliation of the value of 
this spine in a blind trilobitc should provide a philosophically inclined person 
with ample material for thought. Lanchottorms also is peculiar in having 
only five thoracic segments, whereas other normal trilobkcs (both opistho- 
parian and proparian) have six or more- The Genus occurs in Ordovician 
strata of Europe and North America. 

The several remaining groups of opisihoparians resemble each other In 
the distinct and sometimes astonishing spinosity of the later members of 
each group. In the first rank, LicJut* and Afctinnrui represent a group ot 
about 40 Genera in which the glabcllae consist basically of six lobes instead 
of the usual five. Most of the evolution of the liebadids took place in Europe 
through the Ordovician and Devonian, but populations migrated into North 
America in the Medial Silurian and Early Devonian, A typical glabella of 
advanced forms not only lacks the third and fourth lateral glabellar furrows 
hut is divided by two longitudinal furrows into three lengthwise lobes in¬ 
stead of preserving the basic pattern of five transverse furrows. Pygidia bear 
about three pairs of rather broad pleural ribs which are produced into points 
around the margin, A striking feature of the liebadids such as Echinotichas 
(Fig. 12.13.5) Gaspdichat (Fig. 12.13/1) is their tendency to become 
spinose immediately prior to their extinction at the end of the Devonian. 

In addition to the lichadids* Adiasph and its relatives also became exces¬ 
sively spinosc (Fig. 12.13,2), Acidaspids differ from Iichadids principally in 
having smaller pygidia t but acidaspids also may be even more sploose than 
die liebadids arc, so that pleura of pygidia may be produced into long spines. 
Acidaspids range from Ordovician to Devonian. 

Spinosity of different kinds is also present in the so-called odomoplcurids, 
which range from Ordovician to Devonian* About 16 Genera are included 
in the Family* In one case, very complicated pygidh such as tho.se of 
Dkanihaspk even bear secondary spines on the major pygidia I spines (Fig. 
ha 3,3) r Cephalons of Dican ihaspis and Miras pis (Fig. 12.3,3) bore n mar¬ 
ginal fringe of long straight spines like teeth of a comb* The eephalon of 
Dicramtnu (Fig* 11.13,7) bore a remarkable* forked, recurved spine which 
resembled the horns of a bighorn sheep. 
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Proparians, As in the case of the opisihoparians* those trilobitcs which 
are characterized by a props rian sutural trace are not known to constitute 
a dose-knit genetic group. Onlv half a dozen Families are referred eo die 
proparians with confidence. Barlmgia (Fig* 1 x 14 . 5 ), f rom l ^ c Middle Cam¬ 
brian, Is the oldest accepted pmparian trilobitc and is the only known Cam¬ 
brian Genus, Other Genera range from Ordovician to Mississippiam 
(Specialises seem to be agreed that Fa get in [Fig- 12.10,5], which has p reparian 
sutures, is an end bad and is therefore quite unrelated to the true pro par tans). 

The most important proparian Family, the phaeopids, U characterized in 
American faunas by Phacops and Dulntanhcs (Fig- i) 4 Phaeopids 

range from Early Ordovician into Early Mississippi an, but their greatest 
flare was during the Devonian. The phaeopids are one of the two or three 
Families of mlobites which survived beyond the Devonian (the only other 
important Family being the proetids among the opisthoparsans), Dalmanhts 
is well known because of the prominent terminal spine on the pygidiom, 
which has been likened to the tdson of the Recent horseshoe crab, Limulus. 
This articulated spine is used in Limulm as a lever which is drawn down 
sharply and thereby drives the animal backward- In Dahnkttites M however, 
the spine is rigidly fastened to ihc pygidium and probably was too fragile 
to be used as a trigger for propulsion. DalmsmiUs, therefore, seems to have 
been a bottom-dweller. 

T rim crus (Fig. 11.14 j) is one of about ten Genera in a Family which is 
characterized by loss of most of the sculpture from the tcphalon, thus con- 
verging upon the character of Isotelus among the opisthoparians. 

Encrimints (Fig, 12*14.7) characterizes another group of about 18 Genera, 
This Genus resembles the proetids somewhat in having discordant numbers 
of ami and pleural segments in the pygidium. 

Finally, some of the propaiians also were subject to spinosity. Cheimrids 
arc spinose triEobkes which fill a position among proparians parallel to that of 
the lichadids and other spinose forms among opisihoparhns* Fifteen of the 19 
Genera of cheirurids became extinct by the end of the Ordovician and only 1 
Genera lasted until the end of the Devonian when the whole group became 
extinct. Ccranms h a well-known Ordovician Genus (Fig + 12.144} 
CAdrurttr is common in the Silurian (Fig* t 2.14.8, 9). Spmosity among 
cheirurids principally affects the pygidium, although genal spines usually 
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are present and! thoracic pleura, may be rather spinose. Pygidia normally 
have only three or four segments and may be difficult to dllTcrcmiate from 
the thorax. 1 wo geographic races seem to have arisen among even the earliest 
cheirurids, for Genera such as Cheir nr ns which bear spines of subequal 
length on all pygidia l pleura are almost confined to southern Europe. On the 
other hand. Genera such as Ceraurns with extra lung spines on the first 
pygidial pleura are confined to northern Europe and North America, Unlike 
most other trilobitcs, evolution of cheirurids can be traced in modifications 
in length and slope of the pleural furrows and variations in the number of 
pun cue in the pleural furrows. In addition, some cheirurids evolved into 
blind forms. 

Of all the spinose trilobitcs, however, the pmparian Genus Deiphon from 
the Silurian of Europe is one of the most bizarre (Fig. I2.iq.f3), Its ccphalon 
is reduced to a swollen glabella with eye-bearing spines for fixed cheeks. 
Thoracic pleura are merely long spines and the pygidium is reduced to a 
pair of spines. Presumably Deipho/t was a planktonic tribbile. 

Adaptations of Trilobitcs, Spines arc singularly represented in the evolu¬ 
tion of most trilobitcs. Mesonacids not only bore gena[ spines, hut the pleura 
terminated in spines. Later on pygidia became well established and also 
tended to become spinose in some groups. Chief among the spinose trilobitcs, 
of course, are the lichadids, acidaspids, and cheirurids, which are character, 
ked by truly extravagant spinosity. Each of these three groups arose in the 
Ordovician and became extinct at the end of the Devonian, during which 
interval there was a distinct tendency for increase in spinosity in each 
strain. Paleontologists dkovered long ago that extinction followed upon 
culmination of spinosity and concluded that spines indicated the onset of 
racial old age. Moreover, the parallelism among the three groups of spiny 
trilobites mentioned above was looked upon by some naturalists as being 
the result of orthogenesis. 

In succeeding years biologists have tended to explain spinosity in trilobitcs 
in relation to adaptation to environment. The general adaptive trends 
among trilobitcs seem to have led from crawling to swimming and then to 
planktonic existence. Thus, the mesonacids with no pygidia, and the other 
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trilobites with small pygidia, arc thought to have preferred in live on the 
sea floor, even though Lhey probably could swim. Development of pygidia 
with large surfaces enabled trilobites to become potentially effective swim¬ 
mers. The ability was only potential, however, lor some large-tailed trilobiies 
such as Uotetus and Bumastus seem to have become burrowers. At least 
the two latter Genera lost essentially all external sculpture and even lost 
thetr eyes in some cases, as if they were adapted for a groveling habit in 
surfkial sediments. On the other hand, some other large-tailed trilobiies 
seem to have been adapted for swimming because their eyes arc well devel¬ 
oped and their bodies are lightly constructed. It is probable that the majority 
of trilobites were equally suited to a vagrant existence on the substratum or 
for journeys through the water. 

The most highly adapted trilobites, however, probahly could spend most 
of their time in the pelagic realm as swimmers or Boaters. Thus, the best- 
adapted forms would be those such as Dciphon in which surface area was 
increased by splnosity although relative weight was held constant; these 
trilobites would tend to settle through the water very slowly like a snowflake. 
They could have dwelt either in clean surfieial waters teeming with micro¬ 
organisms, or they could have inhabited that oozy, organic, so-called cpi- 
planktonic zone just above the compacted sediments on the sea floor. In any 
case they seem to be adapted for a suspended habit. 

Splnosity cannot be utilized as an index to depth of water, for not only 
arc near-surface planktonic creatures spinose, but some markedly spinose 
isopods (Fig. 15,11.5) come from bsthyal waters. Moreover, one very 
spinose trilobite related to Mkatpif seems to have been adapted to a life on 
a hard substratum. Spines on its cephalic margins all were bent ven- 
trally until their tips lay in one plane, as though the spines were props 
upon which the creature perched when it landed upon a solid, flat surface. 
This Miraspif-\jkt trilobite seems to have kept its body elevated while cur* 
rents of water passed through ihe cnbwork of spines. It probably was either 
a filter-feeder or it used the spines as a weir to ensnare tiny prey which it 
then caught with its cephalic appendages. 

It is likely, therefore, that spinoslty could be accentuated as a result of 
natural selection in a planktonic environment to prevent settling in oozy 
sediments or to serve as props beneath the animal, It is also likely that spinowr 
trilobites arose from nonspinose benthonit ancestors, 

Extinction of the liehadids, acidaspids, and cheirurids at the end of the 
Devonian is not as coordinated as it appears, because cheirurids, for in- 
stance, had mostly died off by the end of the Ordovician. In any case the 
extinction of spinose strains did not have to be caused by some sort of loss 
of vigor associated with senility, as biologists used to believe. Instead, it is 
possible that some predators cleared the seas of planktonic trilobites. Cephalo¬ 
poda for instance, were potential predatory invertebrates which were in the 
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ascendancy during the Paleozoic and were particularly vigorous toward the 
end of the Devon tan when the natutiloid* were si ill abundant and the anv 
monoid* were just embarking upon their evolutionary burst. 

But more effective carnivores were ihc sharks and fish which experienced 
their most rapid rise while the trilobitcs rapidly declined. Bony fish with 
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good jaw* and teeth were well established by the end of the Devonian; hence 
they may have reduced the trilobitcs to their benthonic and burrowing 
habits and have caused the extinction of the uktraspinosc strains. 

GEOLOGIC HISTORY. Details of the history of trilobitcs are inter¬ 
woven above tviih ihc discussion of the different groups. In addition* the 
ranges of the major groups arc shown in Figure 12.15. 
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Class C. CtieSicemla 

The Chclicerata comprise the scorpions* spiders, mite*, and the extinct 
eurypterids. Primitive and ancient members of the Class seem to have been 
mostly marine organisms which breathed with book lungs,, hut modern 
representatives of the Che! ire rata arc mostly terrestrial animals which breathe 
with book gills. Respiration in the most highly specialized chelicerates is 
cither assisted or carried on solely by tubular tracheae which permeate the 
body tissues. Bodies of Chclicerata arc divided into a composite ecphalothorax 
and into one or two posterior regions, the latter being analogous to part of 
the thorax and the pygidium of trilobites. It cannot be proved that the three 
body regions of the chdiceratcs are composed of exactly the same segments 
as are represented in the three body regions of mlobites or of crustaceans; 
hence* it b customary to name the body regions of didicerates the prosoma 
or head, mesosuma or thoracic region, and metasoma or abdominal region 
(Fig. ii.iS). 

The prosoma is characterized by the presence of six pairs of appendages 
instead of by five pairs as in the crustaceans and irilobitcs. The first pair of 
appendages in a cheliecrate is a pair of small claws borne on two stumpy 
segments. These appendages, called chelicerae, arc one of the most char¬ 
acteristic features of members of the Class and are the source of the Class 
name, Chelicerata. Chelicerae are so short that they are only visible on the 
ventral surface of the animals, Chelicerae are homologous with the biramous 
first pair of cephalic legs in Trilobitac and with the biramous antennae of 
Crustacea. Moreover, no appendages function as antrnnules or as antennae 
in Chclicerata. Posterior to the chelicerae is a pair of pedipalps which arc 
homologous with the second pair of cephalic legs in trtlobites and with the 
mandibles of crustaceans. Fedipalps may be very large and equipped with 
conspicuous claws. It will be found upon comparison, however, that these 
daws occupy an entirely different position than do the large chelae on the 
first large thoracic kgs of lobsters and crabs. Behind the pedipalps but still 
on the prosoma are four pairs of walking legs, each of which bears a tiny 
daw at its tip. Two pairs of the walking legs of cheli cerates are homologous 
with the two pairs of posterior cephalic appendages of trilobites, but the two 
remaining pairs of kgs of a chel iterate seem to be represented by thoracic 
kgs in trilobites. 

The mesosoma contains six or seven segments. In some groups these 
segments may tend to fuse together. If book lungs are present, then the 
apertures to the gill chambers will open in pairs through the ventral sur¬ 
faces of the anterior segments. Also, the genital pore is located centrally on 
the ventral surface of the first segment of the mesosema. ]f appendages of 
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trilobites and chela cerates correspond as suggested above, then the genital 
segment of ehcHccratcs seems to be homologous with the third thoracic 
segment of trilobitcs which is so enlarged among mesonacids. If appendages 
are present on the mesosoma they arc small to rudimentary. Usually they 
are lacking. 

The metasoma also contains six segments, but never bears appendages* 
Inasmuch as the anal opening is located in the last segment, the metasoma 
cannot be homologous with the pygidium of trilobitcs, although it seems to 
correspond with the abdomen of crustaceans. The metasoma is terminated 
by a spine (telson), by a stinger, or by famshaped uropods such as are present 
among the Crustacea. 

CLASSIFICATION. The Cheliccraia tan be divided into two Sub¬ 
classes according to whether the animals are primarily aquatic or terrestrial. 
Within each of these Subclasses a few Orders are discussed below. All of 
the Orders of Merostomata are included in the classification because most 
of them are represented by significant fossil remains, but only a few Orders 
of Arachnoida are discussed because of the great diversity of these forms 
and their insignificant representation as fossils. 

Kfcv to Subclasses ano Qkuhus op ChmJcejiates 
I. Respiration by book gills ... -. Subclass Mcrostcmata 

A. 12 thoracic segments 

1. Walking legs unmodified Order Aglaspsda 

2. Walking kgs modified Order Eurypterida 

B. Fewer than la thoracic segments 

i. Thoracic with shield. .* Order Xiphosurida 

a. No thoracic shield; seven 

pairs of appendages Order Pycnogonida 

[[, Respiration by book lungs or tracheae Subclass Arachnoida 

A. Body unscgmtrned *, , P , + *.... Order Acarida 

B t Body segmented 

1, Pedipalps with claws.., ■ Order Scorpionida 

2, Fedipalps dawless 

a. Fcdipalps sptnose .. . T ., + + + . Order Pedtpalpida 

b. Pedipalps not spinose 

(i) Waist constricted. Order Araneida 

(l) Waist not constricted ..... ...... Order Fhahtngida 

SUBCLASS K MEROSTOMATA 

The Merostomata are characterized by the presence o£ book gills which 
may either be exposed or covered by greatly modified appendages. AIL mero- 
stomes are aquatic but fresh-water as well as marine representatives may be 
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included In addition to described and named hard parts, trails oE supposed 
me ras [times have been called Merostomichnitcs. 

Order a. Aglaspida 

The agbspids comprise an Order of very primitive chelkeratcs which is 
restricted to the midcomincnt of the United States, Only 11 Genera and 23 
species are known, but the group is important because of its early occurrence 
and evolutionary significance. 

Aglaspid carapaces arc composed of chitino-phosphatic material. They 
resemble the carapaces of trilobites and eurypterids so much that some care 
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may be needed to tell them apart. Unlike trilobites, however, the aglaspids 
lack the two dorsal furrows which set olT the axial lobe front the two pleural 
lobes. Instead, the trilobation of an aglaspid is very faint and consists only 
of slight changes in convexity. The cephalothorax is a fiat shield devoid of 
furrow^ facial sutures, or glabella. It does bear two compound cycs n hotv- 
ever. Behind the cephalothnrax the trunk consists merely of a tapering suc¬ 
cession of ii segments ending in a prominent telson. Some tendency toward 
fusion of segments is seen in one Family. Aglaspids range in size from I inch 
(sb mm) to possibly fi feet (2 m) in length. The maximum size is unknown 
because segments of the trunk have not been discovered in articulation with 
the Largest head shields. 
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The appendages cornel of sis pairs of uniramous limbs, of which the 
anterior pair is chclicerate and the rest are tapering walking kgs. 

The oldest aglaspids occur in the Middle Cambrian of the Midwest and 
the youngest discovered so far is a single specimen from the Upper Ordovician 
of Ohio. Practically all of the other aglaspids occur in Upper Cambrian sandy 
sediments of Wisconsin and Missouri. Agtuspis and Strpbops arc two well- 
known Genera (Fig- 12*16)* 

The AgUspida arc all associated with marine invertebrates and were 
surely marine organisms. They retain many trilobita.fi features but also are 
distinctly allied with the rest of the Chdicerata, It appears, therefore, that 
the evolution of the Chelkerata was so far advanced by Medial Cambrian 
Lime that we must search for the origins of the Subclass in I recambrlao strata. 

Order b. Xlphosurido 

This is a small Order, but is among the most interesting o£ arthropods be¬ 
cause it contains Urn ulus , a veritable living fossil and one of the most primi¬ 
tive of all chdiccrates. Xiphosurida are characterized by having the carapace 
divided into as few as three pieces, but the divisions are unlike those of 
other chelicerates (Fig. 12.17). The cephalothorax is a large shield of rather 
trilobitan aspect, which, although it retains faintly trilobate division, lacks 
any trace of facial sutures. Two kinds of eyes are present, of which the com¬ 
pound cya are large and prominent- In addition to them there arc two simple 
eyes or ocelli located close together between and slightly anterior to the 
compound eyes. A pair of ventral eyes is present just anterior to the cheliccrae 
in Limulur. Thus, as in many other chcliceraies, at least four eyes are present 
on the dorsal surface and two more may be present somewhere else on the 
dorsal or ventral surface. Posterior to the cephalothorax is a second large 
shield which consists of some or all of the six to nine trunk segments fused 
together hut retaining the trace of earlier segmentation. This shield some¬ 
times is referred to as the abdomen* but it may not be entirely homologous 
with the abdomen of other arthopods such as Crustacea. It tapers sharply 
and is succeeded by a single long spine* the relson. 

The appendages are well known because they can be studied in 
As is usual in Gheliccrata, no antcnnulcs or antennae are present. The cheli- 
ccrae arc short and the four pairs of walking legs are reasonably short—only 
barely extending as far out as the margin of the carapace. All of the loco¬ 
motor appendages bear distinct claws. The appendages lie in a deep ex¬ 
cavation on the ventral surface of the ccphalothorax- In fact, the ccphalothorax 
is really very thin and light* in spite of its seemingly ponderous construction- 
Appendages beneath the so-called abdominal shield are highly modified, 
consisting merely of elongate plates, at the end of each of which is a book of 
piateUke gills. From this it can be appreciated that the gills of Xiphosurida 


INVERTEBRATE PALEONTOLOGY 


314 

hang freely in the water. It is this feature of the gills which helps to impart 
such extraordinary interest to the group, ineluding Urrtuluj* because all 
other living Chclicerata have internal gills or have lost every vestige of gills. 
The Xiphosurida, therefore, represent the ancestral condition from which 
higher Chclicerata arc thought to have evolved. 

The oldest xiphosurans have been repotted from the Early Ordovician 
of Tennessee, These primitive forms are characterized by having some ol 
the segments of the trunk free instead of being fused into a solid shield. Thus, 
all segments are free in Ntolimulm (Silurian o£ England) and some are 
free in Hemmspis (Silurian, Fig. 12.17.3), By Pennsylvanian time all seg¬ 
ments of the trunk were fused, as in Euprodps from Illinois (Fig. 12.17a). 
Urmdut itself ranges from Triassic to Recent and is the only Recent Genus 
in the Order (Fig. 11.174). 

tjmuius is represented today by five species which are distributed along 
the eastern coast of North America and the eastern coast of Asia. These 
animals inhabit shallow water and may be stranded on the shore in great 
numbers after stormy as at Cape Hattera** Virginia. Common names are 
the king crab and the horseshoe crab, Umulus burrows along in the su Hi eta I 
sediments with its carapace about half buried. Progress is effected by active 
scraping of the feet and flapping of the gill structures, in addition to which 
the animals arch up the body so that only the anterior rim of the cephalo- 
thnra_x and the tip of the telson touch the sediment. Then the carapace is 
thrust into the sediment when the body is straightened and the spine serves 
as an anchor post. Locomotion on the bottom is accompanied by humping 
along. Limuloids also can swim freely by use of their lcgs 1 although such 
journeys usually are short. Small Limulnids in captivity seem to delight in 
diving off a submerged rock and swimming about on their backs until they 
land upside down on the floor of the aquarium. They then right themselves 
by performing a sort of backward somersault, assisted by the long telson. 

Food of Limuhis consists of worms and of soft molluscs which are abraded 
away by being rubbed vigorously between the raspy bases of some of the 
limbs near the mouth, particularly the pedipalps. The minute particles then 
are swallowed. 

Molting is very significant, for the carapace splits around the anterior 
margin of the cephalotborax and the soft animal simply crawls out front¬ 
wards, Surely this is analogous to the process practiced by most trilobstes. 
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Limuloids swell up After eedysis, for an animal which left a carapace S inches 
(ao cm) long was reported to have expanded to a length of 9.5 inches (24 
cm) after a molt* In this regard it is noteworthy that when crabs and Lima - 
tus were kepi in the same aquarium the crabs ate the dead Limulus but did 
not cat the molted carapaces. From this it appears to be likely that most fossil 
arthropods arc represented by molted carapaces rather than by dead individu¬ 
als. 

During growth the early molt stage just after emergence from the egg 
resembles trilobites very much and has been referred to as the trilobitedarva 
stage (Fig. 12*17*1 b). Adult limuloids also have been thought by many 
people to resemble trilobites and a considerable amount of speculation cen¬ 
tered upon their possible relationship before it was generally agreed that 
the Xiphosurida belong with the Chelicerata. 

Order c. Eurypterida 

Of all of the Paleozoic invertebrates brought to light* the eurypterids 
seem to have acquired the most dreadful reputation because of their malev¬ 
olent appearance. Scorpionlike m proportion* commonly equipped with a 
cruel stinger and a capacious poison gland, in some cases bearing brutal 
claws* and in one case exceeding in length the height of the tallest man* they 
truly merit our awe. Creatures such as this are gratifyingly extinct. 

Eury pie rids are characterized by the presence of 12 free segments behind 
the prosoma + but the segments are only vaguely (if at ah) differentiated 
into mesosoma and metasoma (Fig, ta.iFLi). The body terminates either 
in a telson or in a subcircular tailpiece, which might he considered as the 
thirteenth segment behind the prosoma. The prosoma of eurypterids is 
rather quadrate in most forms but may be rounded anteriorly. It generally 
bears a pair of large lateral eyes which are variously located on the margin, 
near the margin* or on the central area of the dorsal surface (Fig, 12.19)* 
Assuming that position of eyes reflects adaptation to environment* then 
species with dorsal eyes were bottom-dwellers* whereas those with marginal 
eyes were well adapted for a free-swimming existence. The lateral eyes can 
only be proved to have been compound in a few forms because facets gen¬ 
erally have not been seen. In addition to lateral eyes, eurypterids commonly 
bear a pair of ocelli in some median position between the lateral eyes. Ocelli 
are absent in only a few Genera. 

Appendages on the prosoma arc like those in Limutus and in other Chcli- 
ccrata insofar as number and position of appendages are concerned* but 
the appendages of eurypterids are rather notably modified. Of the usual six 
appendages, the first pair is cheliccrate, as is normal in the Subclass. Cheli- 
cerac usually arc short, but in Pterygains the chclkerae are enormously ex¬ 
tended and end in chelae resembling nutcrackers with spinosc jaws (Fig* 
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li.nj^V. In spite of the greaL length of the chclkerae of Picrygotut, they 
still consist only of three segments, the second of which provides most of the 
length with its tubular shaft. Behind the chelicerae are the other five pairs 
of appendages. Normally the first four are slender walking legs with pointed 
tips, but the last pair very commonly is expanded into an oarlike swimming 
organ as in Euryptetus (Fig. 12.194). One exception is Stylonurut, in which 
the last pair of appendages is pointed and slender (Fig. 11.19/j). Another ex¬ 
ception is Mixopterus in which the first pair and particularly the second pair 
are equipped with attenuated spines (Fig. 12.19.5). Possibly these appendages 
served to catch small aquatic animals. Length of prawns] appendages tends 
to increase posteriorly. As in Limtdtts, the buses of the appendages cluster 
about the mouth and oscillated against one another while food held in the 
masticatory area was crushed and frayed before entering the mouth. 

At first glance no appendages are apparent on the ventral side of the 
mesosoma; instead a succession of broad single or paired plates is present 
on the anterior five segments. No plates or appendages are present on the 
posterior six or seven segments. The first or anterior segment is covered by 
the largest of these plates and is called the operculum. Normally it consists 
of two halves touching or fused along a midi Inc. A slender appendage hangs 
pendant from the center of the plate. The operculum is thought to represent 
the cover over the genital segment. Behind the operculum are four more pairs 
of plates or four single plates composed of fused halves of pairs of plates. 
The presence of former pairs sometimes can be detected by a suture or groove 
extending along the midlinc. Each of these plates corresponds to the greatly 
flattened exopoditc of a limb and is therefore attached to the body at its 
anterior edge. Beneath each of the four pairs of plates is a book I ike gill; 
hence, the plates can be termed gill plates. It is also possible that the oper¬ 
culum covered a pair of gills. 

From the foregoing it is evident that respiration was accomplished by 
raising and lowering the gilt plates and the operculum. It the plates closed 
with any force, they would have functioned as swim fins to thrust water 
posteriorly and therefore to propel the eurypterid forward; therefore they 
may have assisted in locomotion (Fig. 12.18.3, 4). It has been suggested that 
euryptcrids swam on their backs as juvenile Limutus has been seen to do. 
Their center of gravity seems to be best located for swimming if the animal 
is inverted; the legs then sweep upward naturally; the blade of the last ap¬ 
pendage would scoop water best; the anterior curvature of the carapace 
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would then provide a M lifi PT ; and action of the gill plates would not be 
inhibited by contact with the bottom when movement was begun. 

The tdson often bears a buibous swelling at the base and may be curved 
exactly as in the terrestrial scorpionids- therefore it is rather generally 
thought that euryptcrids with te Isons were capable of injecting poison into 
creatures they preyed upon. 

Surfaces of carapaces axe reasonably smooth* although they may bear a 
fine pattern of nodes or wrinkles. Less commonly, large nodes stud the 
margins of plates or occupy the middorsal line, in either case resembling to 
a startling degree the rivets on a tank and adding to the sense of unreality 
which pervades euryptend lore. Lastly, many species bear scalelike patterns 
in zones on the carapaces. The resemblance to scales is accidental because 
the pattern is strictly external and superficial, such as the customary sculp¬ 
tured rendition of wing feathers on statues of angels. Hugh Miller recorded in 
The Old Red Sandstone that quarry men in Scotland recognized the similarity 
of the pattern of euryptend carapaces lo cherub wings and therefore referred 
whimsically to fragments of eury prerids as “seraphim 11 ] 

Eurypierids range in age from Early Ordovician to Permian but they 
were particularly characteristic and abundant in the Silurian and Devonian, 
Many specimens have been found by assiduous collecting at a few localities, 
but very few specimens have been discovered at random. In this hemisphere 
most of the specimens have been found in New York State, particularly in 
former quarries at and near Buffalo, Most of the American material is from 
strata of Late Silurian age. In Scotland the eurypierids occur abundantly 
in Silurian and Devonian strata, and in Norway there is a fine fauna known 
from the Upper Silurian, Sidrmcr (193^) has summed up the distribution 
of euryptcrids as follows: allied species are widely distributed geographically 
but identical species are locally distributed. By 1^16, some 160 species were 
known among 14 Genera. Of these, more than half were Silurian, Additional 
discoveries have increased the number of Genera to at least 19. 

It is a peculiar fact that euryptcrids always occur in strata of abnormal type. 
In New ^ ork^ for instance, the most abundant eurypierids occur in the 
Upper Silurian shales and siltstoncs associated with extensive salt deposits* 
At only a few places is there anything like a normal marine fauna in as¬ 
sociation with euryptcrids. Most commonly they occur with primitive verte¬ 
brates, primitive xiphosurans, and the phytlocarids. Shells of other inverte¬ 
brates which may occur in the same formation arc apt to be broken and 
corroded. Various suggestions have been advanced to account for the geo¬ 
graphic distribution and geologic occurrence of eurypterids. Some paleontol¬ 
ogists suggest that euryptcrids lived only in fresh water and that their 
carapaces were washed into near-shore deposits such as deltas or into evaj> 
ontc basins. Other paleontologists suggest that euryptcrids lived in estuaries 


TR1 LOBiTES AND CHELlCEftATIS 


S3! 


and invaded rivers periodically. Where corals and braehiopods occur in 
nearby association with curyptcrids, it has been proposed that the eurypterids 
were caught in a lagoon behind a bioherm or reef. In any case it seems 
certain that curyptcrids did not constitute part of the normal marine fauna 
of their time. Continued interest in the ecology of curyptcrids is assured 
because the problem bears on the origin of vertebrates* and on the origin of 
scorpionids and the other terrestrial thclkerattt. 

Order d, Pytnogonido 

The pycnogonlds are represented in Recent seas by a few very aberrant 
crablike creatures which rarely are seen because they are abundant only in 
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deep water. The body is much reduced in size and the appendages are long 
and arc either very tenuous or much too massive to seem to belong to the 
tiny body. Moreover, the presence of seven pairs of appendages distinguishes 
these animals from all other aquatic chcliceratcs. A supposed fossil pycno- 
gonid has been reported from the Devonian of Germany, but other reports 
are lacking (Fig. 12.20)- 

SUBCLASS 2. ARACHNOID* 

As considered herein, the Arachnoids comprise the air-breathing cheli- 
cerates such as scorpions, spiders, tarantulas, and ticks. Respiration of 
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arachnoids is by book lungs or tracheae. Otherwise they retain the general 
structure and appendages of the Mcrostomata. 

Order Q. Scorpionida 

Storpiunids arc characterized by the presence of chelae on the first two 
appendages (chelicerae and pcdipalps* Fig, I2.il), whereas eurypterids 
bear chelae only on the first pair. It is die second pair of appendages which 
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bear the large and prominent chelae, for the chelkerae are as diminutive as 
in most of the Cheliceraia. The remaining four pairs of appendages end 
in minute movable claws. In addition to the stinging spine on the tail, 
there arc 11 segments behind the prosoma, none of which bears any trace 
of appendages^ Mesosoma and metasoma are not readily differentiated, al¬ 
though each consists of six segments. 

Respiration is by book lungs which are located in pairs beneath the third 
to sixth segments of the mesosoma. Their position is indicated by the pres- 
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cnce of small slits, the stigmata, which are the external apertures of the lung 
chambers. The operculum of scorpEonids is much smaller than it is in euryp- 
tcrids T 

Compound eyes arc not known among scorplonlds, but several pairs of 
ocelli may be present. They are located in two general areas; thus, one or 
two pairs of median eyes may lie subecntrally on the ccphalothorax, and 
two to five pairs of lateral eyes may be distributed near the margin. The 
number and position of ocelli is diagnostic of Genera and species. Eyesight 
of scorpions is poor but efficient tactile and chemical senses are provided 
through minute hairs which protrude from the body. 

The oldest known scorpionid is Palaeaphonus, which occurs in the late 
Silurian of Europe {Fig. 12.21.1, a) + It has long been considered as a veritable 
missing link because it bridges the gap between the euryptcrids and the 
scorpion ids. Pai#cophom*s is a scorpionid in all respects except that It lacks 
stigmata; hence, some specialists assume that it had book gills and led an 
aquatic existence. On the other hand t it has been pin ted out that stigmata are 
hard to see and that PataeopAomts is truly scorpionid In all other respects; 
hence, it probably was a true scorpion. Although the generic name means 
“ancient murderer*" these primitive scorpionids did not rival their marine 
cousins, the euryptcrids* in size, for Fdazophonus was only 0.5 to 2.5 inches 
{1 to 6 cm) in length. A few Carboniferous scorpionids also have been 
reported* 

Order b, PedEpolpida 

This Order comprises the tarantula and other species belonging to about 
a score of other Genera. The cheliccrae have lost the third or terminal seg¬ 
ment which consists of claws* but the pedipalps are prominent and bear 
spines and claws (Fig. 12.22.5). ^ re y ^ught between the spinose inner edges 
of the pedipalps is punctured when hugged between them. Unlike most 
other arachnids, the Pedtpalpida use only three pairs of appendages for 
walking. The Order has been reported from strata as old as the Pennsyl¬ 
vanian. 


Order c. Aroneldo 

Arancids arc the spiders. They are characterized by the presence of spin¬ 
nerets and by constriction of the body into two portions by the narrow 
waist. As in the Pedipalpida the cheliccrae retain only two segments and 
therefore do not bear daws. The orifice for the poison gland is, however, 
borne on the end of the second segment. Unlike the Pedipalpida* however, 
the pedipalps of arancids lack large claw r s—in fact all five ambulatory ap- 
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pendagts of Spider* are similar (Fig + n^a.i) + Eyesight of most spiders is 
poor but a few spiders hare very keen sight. Almost alE spiders breathe with 
tracheae in addition to which some have two and some have four pairs of 
book lungs which communicate exteriorly through stigmata. 

The oldest spiders occur in the Middle Devonian of Scotland. Of the 250 
species of fossil spiders, about tSo have been reported in amber from 
Cenozoic strata in northern Europe. Numerous spiders also have been rc^ 
ported from the Florissant shale (Miocene) of Colorado, 
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Order d. Fhalangldo 

The Order Fhalangida is introduced mainly to illustrate the presence of 
spiderlike arachnoids without 3 constricted waist. Spinnerets are generally 
absent. All of the Phatengida breathe by means of tracheae and lack book 
longs. The phalangitis arc known under the common names of harvest 
spiders and daddy dong-legs. The Order has been reported from the Penn¬ 
sylvanian (Fig. 

Order e. Atari do 

The Acarida include the ticks and mites which are characterized by the 
presence of unsegmented bodies- Most of the members of the Order are 
modified for a parasitic or sucking existence. Thus, in the ticks the eheli- 
cerae are represented by an elongate piercing organ. Other limbs may be 
more or less normally arachnoid in number or position. A festoon of abdom¬ 
inal segments surrounds the main part of the body (Fig, 12-2.3). Ticks are 
notoriously prolific—one female being able to by as many as 20*000 eggs. 
The seasonal disappearance of ticks is due to the long periods of development 
between the larval stages, during which times of growth the animals remain 
in the soil or hidden among rocks and vegetation, in recent years Licks have 
become a major nuisance to man because 3hey are the carriers of diseases 
such as tularemia and Rocky Mountain spotted fever. The Order goes 
back to the Middle Devonian, but the fossil record is very sparse. A mite 
(Fig. 12.22,2) is known from the Rhyme chert in the Old Red Sandstone 
of Scotland. 

GEOLOGIC RANGE OF CIIELICERATA. Chelkerates probably 
descended from some trilobitan ancestor, but no known irilobite seems to be 
the veritable stem from which the chelate arthropods arose. It seems probable, 
therefore, that the Cheliccrata arose during Precambrian time when the 
trilobites themselves were undergoing their principal diversification. Sub¬ 
sequent ranges of some chelkerates are shown in Figure 12*23- Xiphosurans 
seem to have given rise to both the pytnogomds and the eurypterids among 
the Mcrostomata. The Arachnoid a seem to have arisen from the Eurypterida, 
at least in the case of the scorpions, but known fossil forms arc not primitive 
enough to indicate the nature of intermediate steps among the other Orders. 
Most fossil cheliceratcs have been collected from nonmarinc deposits and 
therefore are sporadically represented in the geologic record. Only the curyp- 
terids might be considered to have any significant geologic record. 
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QUESTIONS 

i. What is the principal disadvantage of identifying arthropods by their molt 
stages? 

2- What intermediate stages connect the merostomes and arachnoids? 

3. How does spines Uy of trilobfcics give credence to orthogenesis? How else 
can the spineisiiy be explained? How might spinese but blind trilobites evolve? 

4. How do facial sutures assist in classification o£ trilobites? What are the 
taxonomic limitations of facial sutures? 

5. Why did the two races of cheirurids persist? 

6. What is peculiar about the geologic occurrence of curypterids? 

7 + Why should species of curyptcrids be restricted in their geographic distribu¬ 
tion, yet similar species evolve over extensive regions? 

3 . What limits the effective use of arachnoids in correlation? 

9, Why might agnostids and mesonaeids be removed from taxonomic associa¬ 
tion with the other trilobites? 

jo. Why were biologists so eager to know the nature of appendages of trilobites? 
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PHYLUM XIII. ARTHROPODA (Continued) 

Class D* Crustacea 

Crustacea are dominantly marine arthropods although members of sev¬ 
eral groups inhabit fresh water and a few are terrestrial. Even most of the 
terrestrial arthropods* however, must spend their early developmental life in 
water. A characteristic feature of Crustacea is the presence of leaflike or 
comblike gills or branchiae which are either attached to the thoracic append¬ 
ages or lie near them on the thoracic segments. It is rather commonly (but 
not universally) thought Lhat Crustacea inherited their branchial plan from 
the iriJobitcs whose exopodites functioned as gills. Gills are not present in all 
Crustacea; in fact, respiration takes place over the enure body surface of 
some small forms* Another feature that characterizes Crustacea is the gen¬ 
eral trend toward fusion of some thoracic segments with the head shield. 
This trend reaches its culmination in the lobsters and crabs. In conjunction 
with fusion of segments are the tendencies for reduction in number and for 
consistency in the number of segments In advanced groups. Thus, the 
number of segments in many primitive arthropods is variable* but the number 
is fixed in the lobsters and crabs. 

Appendages of simple forms tend to be bifamous, whereas those of 
higher arthropods may be unirammis* Only the antennules are consistently 
uniramous throughout the Class. It follow* that differentiation of Subclasses 
of Crustacea is based upon nature of appendages and of segmentation. 

In his highly readable account of the Crustacea, Smith (1923) has likened 
them to the Insccta in that each is the most prolific group of arthropods in its 
particular environment and each has exploited the porentialities of iu 
environment to the utmost—except that Crustacea never developed any 
tendency toward social behavior. 
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SUBCLASS h BRANCHlOPGDA 

Branchioptxls consist of a diverse group of small* more or less shrimplike 
animats, in which the bodies mostly arc enclosed in carapaces (Fig. 13.1). 
Body segments bear leaflike appendages, hue abdominal segments lack ap¬ 
pendages. Different Orders of Recent brnnehiopodi sometimes arc referred 
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to as fairy shrimps and as water fleas. Of the four known Orders of Iiranchi* 
opoda, the Order of any pakonlolugic importance is referred to as the 
conchostracans by most specialists. 

Conehostracan branchiopods consist of a segmented body with as many as 
about two dozen pairs of appendages. Even the antennae are used for 
swimming. The carapace seems at first glance to be bivalved, but it really 
consists of two flaps which arc mirror images of one another and which 
are continuous across the dorsal region. Carapaces generally are less than 2 
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centimeters bug and about half that high. Appendages and body segments 
have not been found; hence, paicontobgic information is confined to what 
can be gleaned from the carapaces. Zoologists, on the other hand, largely 
concentrate their studies on the appendages and soft anatomy of Recent 
forms; therefore, it is doubtful that paicontobgic and zoologic generic names 
refer to concepts of equal magnitude or can be used with confidence in both 
sciences. We are indebted to Kohayashi (1954) and his students for assem¬ 
bling most of our knowledge of fossil branchiopods. 

Carapaces of branchiopods consist of a thin sheet of only slightly calcified 
chi tin; therefore, the carapaces become flattened and slightly wrinkled when 
they are buried in sediments. Unlike Dstranxles, which shed their carapaces 
at each epdysU, a branchiopod retains its carapace and sheds only the exo- 
skeleton of the body proper. The result is that carapaces of branchiopods 
are marked by a series of concentric ridges, each one delineating the thicken¬ 
ing of the rim of the carapace at a time of molting. These concentric ridges 
are quite characteristic of the Subclass. The depressed bands (intervales) be¬ 
tween adjacent ridges bear various sorts of ornamentation ranging from 
granules to pits, nodes, transverse ridges, and polygonal or reticulate orna¬ 
mentation (Fig. TJ4MI-I4)- Kobayashi listed 20 general types of sculpture 
on carapaces and showed that more than one type may occur on a single 
carapace. More work needs to be done in order to establish the sequence in 
which different ornamentation evolves, but at the present it seems that basic 
ornamentation may consist of spots, striae, or polygons. Spots tend to increase 
in size and to be arranged in various subsidiary bands. Striae become stronger, 
passing into parallel radial grooves and then subdividing into branching or 
dendritic patterns. Polygons become more regular and finally are succeeded 
by reticulations. These details, plus ratios of length 10 breadth of carapaces, 
enable the differentiation of Genera and species of branchiopods* 

It is customary, however, to divide the fossiE conchostraean branchiopods 
into two groups on the basis of whether or not the carapace is crossed by a 
few, strong, radial ridges (carinae). The commonest group, which contains 
all living and most fossi] forms T h typified by Cyzicits (Fig. 134.3) and abouE 
15 allied Genera including about 250 species. (For many years this Genus was 
known as Estherta until the name was found to have been used earlier for 
a Genus of insects; nevertheless, most conchostracan branchiopods still are 
commonly called estheriansj after the old name Estbcria.) The other group, 
with z strong carinae, is typified by Leaia (Fig. 13.14, 5) and another 15 
Genera, with some 50 species. 

The two groups reached the acme of their development in the Late Paleo¬ 
zoic and Triassic and then reached another but lesser pinnacle of develop¬ 
ment during the Cretaceous. Inexplicably, no Tertiary conchostracans have 
been reported, but Recent conchostracans are abundant. In the United States 
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cstherians occur In the non marine shales of Pennsylvanian cydothcms in 
Indiana and Illinois and in the Newark series (Upper Triassjc) of the At¬ 
lantic seaboard. Estherians have been used to zone the Upper Carboniferous 
strata of western Europe and of the Donetz Basin in Russia. 

The foregoing association of estberians with terrestrial deposits is char¬ 
acteristic of branch inpods. Only a few branchiopods have been found in 
marine sediments, but they occur commonly in fresh-water and in brackish- 
water deposits. Living representatives are predominantly non marine a bo* 
Branchiopnds produce minute top-shaped egg capsules which have been 
identified in sediments (Fig. 13-2.8). When ponds dry up the egg capsules 



thoracic Feg 


liril thoracic 


Ie9 


Fig urn TJ r 3 ApprtfuJagti qm Op recede, 

LAfrpr B-aiil-nr and Kell»n, ItfM, snd biting, 1P5S.) 


function as resting stages and can be blown about by the wind. This may 
explain their erraiie environmental and geographic distribution and their 
ability to populate areas on both sides of an intervening ocean. 

SUBCLASS a. OSTRACODA 

Ustracodcs are characterized by the presence of a bivalvcd carapace which 
covers an only vaguely segmented body. Carapaces are mostly from 0.5 to 4 
millimeters in lengtk although a few as long as 25 millimeters have been 
reported. Of the total of seven pairs of appendages with which the animals 
sw-im, two pairs (antennuics and the biramous antennae) arc located on the 
cephalic region (Fig. 13.3). Zoologic differentiation of living ostracodes 
depends largely upon details of construction of the appendages, but the only 
traces of appendages which have been reported on fossil ostracodes were 
discovered on one specimen from the Carboniferous of France. PalcontdcH 
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gists therefore must obtain all of their information about the morphology 
and relationships ol fossil ostracodcs solely from studies of the carapaces. 

Carapaces consist nf two more or less elliptical valves which are located on 
the left and right sides of the body in the same positions as the valves of 
pclecypods. In some cases the two valves arc mirror images of each other, 
but in other cases the carapaces arc inequivalved and either the right or the 
left valve may he the larger of the two. The larger valve encloses the smaller 
valve principally along the ventral region by an increment referred to as the 
overlap and indicated by a symbol such as L/R, w^hich means that the left 
valve overlaps the right valve. Overlap is consistent for a particular species* 
The two valves are in contact dor sally along a rather straight hinge margin 
(Fig, 13-4.1), Valves are composed of a calcareous central layer embedded in 
a thin chin nous sheath which not only covers the inner and outer surfaces 
of a carapace, but extends across the hinge margin and holds the valves to¬ 
gether in much the same way that a ligament docs in pclecypods. When an 
ostracode molts, the carapace is shed and is preserved with the two valves in 
opposition if it is entombed rapidly. Reworked carapaces commonly consist 
of isolated valves because the chitinous outer layer has decomposed and the 
valves have become separated. 

Although carapaces commonly are straight along the hinge margin, the 
contact margin is continuously curved around the remainder of the periphery* 
Contact margins can be divided rather arbitrarily into anterior border* 
ventral border, and posterior border. Great importance is attached to the 
profile of curvature of the anterior and posterior borders of a carapace, not 
only for purposes of identification but also for orienting the valves as to 
anterior and posterior* Outlines vary between bean^shaped and banana¬ 
shaped; therefore ratios of length to breadth and to height also are useful 
in delimiting species. 

Muscles which dose the two valves and w r hidi operate some of the ap¬ 
pendages arc attached at about the center of each valve (Fig. 134.1)* Ad¬ 
ductor muscles, which dose the valves, produce the largest muscle scars. 
Size, posit ion „ and distribution of muscle scars are not only characteristic of 
various taxonomic groups, but also may be helpful in determining orientation 
of valves. For instance* muscle scars of almost all living ostracodcs arc con- 
centraced in the anterior halves of the valves. Muscle scars may be located 
at the site of a large pit* as seen on the exterior of the valves. Muscle scars 
and eye spots can be confused on carapaces. The position of each of the 
paired eyes is indicated by a small tubercle or by a thin place in the substance 
of the shell. 

Orientation of ostracode carapaces has been a singularly vexatious problem. 
Among living ostracodes* the greatest width of the valves is commonly 
posterior, whereas the greatest height is commonly anterior. Orientation o£ 


548 


INVERTEBRATE F A110 N T Ql OGY 


many Mesozoic and of most Ccnozoic ostracodcs presents no problem be¬ 
cause the carapaces can be compared with those of closely allied Recent 
species in which soft anatomy is preserved and in which orientation by 
shape can he verified. On the other hand* orientation of carapaces of Paleozoic 
ostracodes is a subject for controversy because of considerable variation in 
shape* outline, and internal morphologic features. Moreover, two features 
which indicate opposite orientations may be combined in one carapace. In 
general, the contact margin with the greater radius of curvature (more blunt 
cnd H that is), is more or less arbitrarily said to be posterior. When determin¬ 
ing relative curvature of ends it is important not to confuse height with 
degree of angularity because the less elevated end may be the more bluntly 
rounded. 

Surfaces range from glossy smoothness to being minutely pitted, in addi¬ 
tion to which there may be various kinds of ornamentation in the form of 
large pits, nodes* welts, ribs, spines, and frills. Peculiar ornamentation offers 
the most ready method of identifying some ostracodes and enables some to 
serve as useful guide fossils in micropaleontology. 

Increasing attention is being devoted to interiors of valves as study of 
ostracodes progresses. It has been demonstrated ttiai osiracodcs with similar 
external characteristics can be assigned to different Families on the basis of 
dentition of the hinge margin. The earliest ostracodes of the Paleozoic have 
a long groove along the hinge margin in one valve and a corresponding 
ridge in the opposite valve (Fig. 1347). In slightly more advanced types the 
groove is divided into anterior and posterior portions. Moreover, a tooth or 
socket may be present at the anterior end of the hinge margin (Fig, 13.4.8). 
Next, a tooth or socket may appear at the posterior end of the hinge margin. 
If additional complications are introduced, they invariably seem to arise first 
at the anterior position before appearing posteriorly; hence, the more diverse 
dentation denotes the anterior direction. Hinge margins of many Mesozoic 
and Ccnozoic ostracodes arc very elaborately denticulate or crcnulate (Fig. 

9) ' Dentition of the most advanced type, however, is secondarily simpli¬ 
fied until only a single tooth or socket may occupy the positions formerly 
occupied by clusters of teeth or sockets. 

Microstructure of the two kinds of contact margins also can be helpful in 
taxonomic studies of ostracodes. In the simplest kind the outer shell bends 
around ai the contact margin and doubles back on itself 10 form a U-shaped 
edge, leaving a space (vesubuk) between the outer lamella and the inner 
lamella; these are tnonokmeliar contact margins (Fig 13^.2). The other kind 
of contact margin seemingly was derived from the mcmohmellar kind as 
the lamellae moved closer together until they came in contact along the 
margin. In these buer hi lamellar contact margins the Lamellae look as though 
they had been pinched together to form a marginal band, the inner edge of 
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which appears on many valves as the line of concrescence (Fig* 134-3* 4). ^ 
the inner Lamella projects freely above the line of concrescence* the actual 
inner most edge is called the inner margin. Qstracode valves are traversed by 
microscopic pores, each of which bore a sensitive bristle in life. Most of the 
shell is traversed at right angles to the surface by normal pores* but the com 
tact margin* when transparent, reveals the presence of radial pores which add 
to the [adness of its appearance in many cases (Fig. 13*4-5)* 

Ostracodcs reproduce sexually by union of male and female sex cells and 
also reproduce parthertogenetically through fertile eggs produced by the 
female alone and hatched out only as females. In the former case there com¬ 
monly arc observable differences between the carapaces of males and females. 
Sexual dimorphism of ostracodes, when present, may be manifested by varia¬ 
tions in shape, size, and proportions of carapaces. Differences may be slight 
{Fig. 13.54) or the differences can be strikingly apparent (Fig. 13.5.1-3). Sex¬ 
ual dimorphism is particularly obvious in various Paleozoic ostracodes, in 
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which case the presumed females bear some sort of brood pouch or frill 
near one end of the ventral birder (Fig. 15.5.1-3). So-called pouches vary in 
appearance from simple frills somewhat like [he lateral keels on an ocean 
liner to globular or mein alike swelling Brood pouches may be so large chat 
they obscure the normal appearance of a valve, or they may not be present 
in some molts, Obviously, the presence nr absence of brood pouches, coupled 
with other dimorphic differences, can make identifications of some o$tra- 
codes difficult. 

Frills and pouches are commonly assumed to have had some reproductive 
function, but this assumption is not a certainty. According to one hypothesis 
supported by observations upon a living species, males swim near the surface 
and females rise from their bottom-duelling habitat to the surface during 
reproductive periods. Frills and pouches therefore might serve the double 
function of providing ballast for a benthonic existence and shelter for larvae- 
In fact, it has even been suggested that extravagant development of frills 
and pouches may have impaired locomotion or copulation of some ostracodcs 
and thereby contributed to their extinction. It has also been suggested that 
frills, for instance h may have been merely adaptive features for a bcnihonic 
existence on a soft substratum without serving any reproductive function. 
This idea is supported in part by the presence of frills on what appear to be 
both sexes of some species which presumably could have lived together on 
an oozy sea floor* 

Although most arthropods pass through a series of molt stages, the study 
of molted carapaces (inscars) has attained particular significance in connect 
tion with osiraeodcs. For one thing, ostracodes are prolific animals with 
relatively short life spans, so they are apt to be represented by myriad instars 
in one stratum. Moreover, ostracodes are valuable stratigraphic markers 
whose identifications over a period of years have been based upon increase 
ingly fine discrimination of differences. 

Ostracode eggs hatch as nauphus larvae which very shortly are encased 
within their first, minute carapaces. Thereafter, a single animal casts off its 
first carapace and t eventually, a succession of other 3 nstars as it grows to 
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maturity. Various species probably molt from five to eight limes before they 
reach maturity and become sexually active. It appears from somewhat tenta¬ 
tive daia on growth dynamics that the bodily volume of ostracodes is doubled 
between successive in stars; hence ostracodes grow unusually vigorously com¬ 
pared to some other arthropods such as lobsters and crabs. Any parameter 
such as length. height, or thickness increases in a consistent fashion in a 
particular species; therefore ostracodes lend themselves particularly well to 
biometric studies, ]n addition, external ornamentation which may be present 
varies slightly from in star to instar as growth proceeds. In fact, variation in 
dimensions and ornamentation among instars of different ages in one 
species may be as great as or greater than differences among in stars of the 
same age in two different species. Accordingly, the precise differentiation 
of some species of ostracodes is becoming increasingly dependent upon sta¬ 
tistical studies of the complete sequences of instars. 

It is probable that more species of fossil ostracodes have been described 
than are truly represented by the diverse carapaces which have been collected 
so far. Major reasons for the excess of names and for the difficulty of idenii- 
fying species of ostracodes include variation among in stars, sexual dimor¬ 
phism, dietary differences which affect construction of valves, parasitism 
(commonly by microscopic worms) which alters shapes of valves, and defor¬ 
mation of carapaces during compaction of sediments. Nevertheless, many 
paleontologists have discovered that the advantages in the study of ostracodes 
far outweigh the disadvantages; hence increasing attention is being devoted 
to this Subclass. 

Ostracodes first appeared in the Early Ordovician and quickly rose to a 
prominence which they have maintained into the Recent. Although most 
ostracodes are marine, others inhabit fresh water and some even may live 
in hot springs or sulfumus waters. By habit they swarm about the bottom 
or on vegetation by a combination of crawling and swimming, but they also 
may swim freely at various depths in open water. Fresh-water forms gen- 
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emlly are characterized by smooth or monotonous surface features, outlines 
of valves* details of structures on the binge line, and by muscle scars. 

Study of fossil ostracodes has been enhanced by their usefulness in com¬ 
mercial micropaleontulogic work. In Paleozoic rocks, for instance, smaller 
foraminifers are very rare throughout, and even fusulinids are not common 
before the Early Pennsylvanian* Qstratodes, however, become increasingly 
abundant through the Paleozoic; hence they can be almost as useful for 
correlation of Paleozoic strata as smaller foraminifers arc for Cretaceous and 
Cenozoic strata. Accordingly, about 3400 species belonging 10 about 300 Gen¬ 
era had been described from the Paleozoic alone by 1^1 (Fig. 13,6). Numer¬ 
ous additional Genera and species have been described from the Mesozoic 
and Cenozoic* particularly on the Gulf Coast of the United States and in 
Europe (Fig. 13,7), On the other hand, strata in the Tertiary basins of the 
Pacific Coast do nor contain many ostracodes, although Quaternary repre¬ 
sentatives are common. Fresh-water oslracodes occur in association with 
branchiopods in die nonmarine members of cydotbems in the midcontinent, 
in terrestrial sediments of the western interior, and in some Pleistocene lake 
beds of various countries (Fig. 13*8). 

SUBCLASS 3. COFEPODA 

Copepods arc tiny crustaceans with a segmented body and five pairs 
(rarely six) of appendages which are used in swimming. No appendages 
arc present on the abdomen. Antennae may be biramous. No separate car¬ 
apace is present, although some thoracic segments fuse w h idi cephalic seg¬ 
ments. Of the free-swimming copepods 1 Cyclops, one of the water fleas, is 
the best known, h and similar forms constitute a major clement of the plank¬ 
tonic life in the oceans and in fresh water. Other copepods art parasitic upon 
fish. No fossil copepods have been reported. 

SUBCLASS 4. CIRRIPEDJA 

The name of the Cirripedia* or barnacles, refers to the curly tufts of 
appendages which can be projected from the open end of the cxoskeletnn. 
Barnacles are the most aberrant of all of the arthropods; in fact* most bar¬ 
nacles do not resemble other arthropods at all from external appearances. Of 
the two principal kinds of living barnacles, the gooseneck barnacles, Ltpat 
and Scalpcllum, bear almond-shaped crowns of calcareous plates on a stalk 
(Fig. 13.9). These pedunculate barnacles are pebgtc, in that they incrust all 
sorts of floating objects. For some reason Icpadtd barnacles have been in¬ 
volved in mysticism, it once being generally believed that they grew on 
trees and then fell to the ground where they metamorphosed into geese. 
The other and better known group of sessile barnacles is characterized by 


CRUSTACEANS AND INSECTS 


555 



M etacyprii 



Cypridwr 



3 

Cyprkho 






Cypridea 



Condone Cypriden 


Figyji 13J. Fr^fk-Wdltfr OllF5KoJ*S- „ 

I. MttctffH ii enfisfarft, 35*, OMOCvOUl, B«fc? MpBntatni. 2. Cfptidta WjmiBi nj»n in, 35*. 
CrBl?(iaui, R*t1ty Mou*l*ini, 3, Cyprid.a FflrtjFipFnc, 33*. Crtlnesou i* Rocky Mflwntoini. . 
CvrschickiD d.JtoF<r*fl, 2SX, P*aiuyl™lop, Mid»nlintnt, in, 5b. Sid* end done! el 

CyprFd.n orvadwnMi, 30*, Cntotuui Rady Mwnlotni. 6a. ib, ®d« ond dorml yh«i ot 
Condon* pa am, 25 *. Baam. Rocky Mwinlain*. 7. CypjFden blaikaia, 30*, 6x*fl*, Rocky 

(1 aft*! mt, 2 f 3, S ofi«r Pick. 1051. 4 nR*r 7 nlf*r Swtrtri, 1?4^ ) 

Btf/tftttfj, ihc acorn barnacle (Fig. 13.11)* It has a volcano-shaped form and 
predominantly incrusts hard surfaces on the sea floor, although it also in- 
crusts various floating objects, even whales. It is notorious that barnacles 
foul the bottom of ships, crusts an inch or two thick are composed of forests 
of lepadid and balanid barnacles, together with tubicolous worms and bryo 
zoans. Most barnacles inhabit shallow water, but they also are represented 
in the deep sea at 1*000 feet (4000 m), Some even have been found_ in 
globigerine ooze. Barnacles reveal a distinct tendency to become parasitic. 
Thus, one Genus, Soccuhnn. has achieved dubious zoologic fame by infesting 
crabs and casting off every visible vestige of arthiopodait ancestry; In the 
adult form it is merely a sac of tissue with rootlets* but its larvae pass through 
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a, nauplius stage, and it has a faintly segmented body prior to entering the 
tissues of its host; therefore Saceulintt is allied with the Crustacea, 

Orientation of barnacles is obscure from the outside, surprising from the 
inside, and confusing for purposes of description. In the first place, its ex¬ 
oskeleton resembles that of no other arthropod* Moreover* the body is hidden 
from view* except for the tips of feet* and even these rarely are visible because 
the animal withdraws its appendages and doses off its apenure when it is 
out of water. If a barnacle is dissected, however, one finds that the body is 
lying dorsal side dow r n and is attached to one side of the exoskeleton by the 
anterior end (Fig. 13,9.8)* Thus, as an approximation, the base or stalk is 
dorsal, the aperture is ventral * and one side of the circular balanid skeleton 
or one keel of the compressed lepadid skeleton is anterior. It is not surprising, 
iberefore t that specialists in the study of barnacles prefer to ignore the com¬ 
mon terms of orientation and to use special names for each plate in an exo- 
skeleton * 

Understanding orientation of barnacles is assisted by knowledge of early 
developmental stages. After the nauplius stage, barnacles pass into another 
free-swimming larval stage* the cypris* in which a bivalvcd carapace like that 
of an ostraeode is present (Fig. 13.9.2)* The eypris attaches itself to a suitable 
substratum with its disc-shaped antennae. The larval eyes and anterior ap¬ 
pendages begin to be obliterated, at the same time that a cirripedian skeleton 
begins to take form beneath the bivalvcd carapace* Soon thereafter* the 
young barnacle casts off the cyproid carapace and starts its adult growth 
as a blind rather headless arthropod with six pairs of appendages (Fig* 

13.9.3). 

Lepadid Barnacles. As typified by Lrpas, which is a very simple lepadid* 
the animal consists of a peduncle or stalk* surmounted by a crown or ca¬ 
pital urn usually consisting of five calcareous plates—a median keel plate 
(carina)* two side plates (scuta), and two terminal plates (terga) (Fig. 13.9.H), 
All of these plates are held together by flexible chitinous bands, and the 
aperture passes between the terga at the summit. A scutum may resemble a 
single valve of a pcfccypod so closely that the two probably have been con¬ 
fused by collectors (Fig. 13:9,1)+ In other lepadid barnacles a capltulum 
may consist of more plates than the 3 to 5 plates present in LepaJ, in which 
case the extra plates generally are termed latera. Thus, Scaipcllum has 12 to 
15 large plates including latera, plus a zone of tiny scaly plates at the top 
of the peduncle (Fig. 13.9.6), MiteUa has 18 or more irregularly overlapping 
large plates which gradually decrease in size downward and merge with 
a zone of small latera (Fig. 13,9-7)- 

Thc oldest lepadid barnacle* and indeed the oldest barnacle yet discovered, 
is Prtieltpiif from the Pennsylvanian of Russia* It is a rather simply con- 
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strutted capkulum which resembles /*e/w itself and probably was borne 
on an unar rawed peduncle in life (Fig. 13,9,9), ArchneQlep$f (Fig. 13,9*10) 
and Stramcntum (Fig. 13,9.11} from the Jurassic and Cretaceous of Europe 
consist of a large number of small subequal plates (latera) on the peduncle 
surmounted by the few large plates of the capitulum. Stramcntum seems 
to represent the culmination in increase of number of plates from the Pale¬ 
ozoic type$ s after which the peduncle was clearly differentiated from the 
capitulum and decrease in number of plates became the dominant evolution¬ 
ary trend, Scalpciium and Lrpvj represent later stages in the evolutionary 
scries, 

Lcpadid barnacles apparently range from the Pennsylvanian to the Recent. 
Among Recent fornix species belonging to 13 Genera and Subgcnera had 
been reported in American waters alone by 1907. 

Baknid Barnacles. These are the common conical barnacles which visitors 
to the seashore observe inerusting rocks in the intertidal zone. They consist 
of a wall, the individual plates of which are rigidly locked together, and of 
an operculum of four movable plates. It appears that two pairs of the 
opercular plates, the scuta and terga? are homologous with corresponding 
plates in the capitulum of a gooseneck barnacle* The scuta and terga arc 
united by a chitinous band, the opercular membrane, which also binds them 
to the wall During eedysis, the opercular membrane is shed along with the 
chkinous cuticle over the appendages, but the wall and opercular plates arc 
retained permanently. 

Plates in the wall are called compartments. One of the compartments 
can be proved to he homologous with the Carina of a lcpadid barnacle, and 
another compartment on the opposite side corresponds to the rostrum. In 
generalized balanids there are eight compartments in the wall; hence, throe 
compartments on either flank between the earina and the rostrum are not 
present in lcpadid barnacles. Ra Ian Ids are characterized in large pari by 
the number of compartments which are retained in the wall while reduction 
in number of compartments takes place (Fig. 13.10,1-3). Reduction is ac¬ 
complished in two ways—either by elimination of compartments or hy fusion 
o£ two or more of these plates. Inasmuch as the eight original compartments 
overlap each other in characteristic ways, and their surfaces are differently 
ornamented, it is possible to recognize each compartment and to decide 
whether a particular compartment is missing or merely is fused to an adjacent 
plate. The Genera Odom ms and CatopArd^mni^ for insta.nce 1 , retain eight 
compartments, whereas two compartments are fused to a third in Balanus 
10 make a total of six, / e/rar/irt? has only four compartments because two are 
fused to a third and two more are eliminated. 

The wall rests upon a basis, which may be thin and chidnous or may be 
partly calcareous* 
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Bilantd barnacles are thought to have been derived from lepndid ancestors 
with eight main compartments. Thus, the Recent Catophragmut exemplifies 
a generalised and potentially ifltcrmcdiaie ancestor between the Sepadids and 
forms such as Baltina CatQphragmus has hands of small later a near the 
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base of the wall, somewhat like the Icpadid* Mitel fa (Fig. 13,9,7). Unfcitu- 
fiaidy, the paleontologic record provides very little material bearing on the 
subject of ancestry of balanitis. 

One of (he most peculiar of all balanitis is a giant species which is a 
common index fossil of the Upper Miocene of California (Fig- 'J ' 1 f -})- Speci¬ 
mens become almost a foot long and 3 inches in diameter (30 cm by 
8 cm). They are filled with large blisterlike vesicles which are convex up¬ 
ward, The outer wall is minutely vesicular as in many other balanids. These 
skeletons converge to a remarkable degree upon the structure of the mdistoid 
pelccypods—so much so. in fact, that they were at first thought to be the 
only known post-Cretaceous mdistoids, Paleontologists refer to this fossil 
barnacle as Tamiojoma grtgaria, but zoologists call it Bdanut gregarius. 
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Only it and Batanus lacvii coquimhmis from the Pleistocene of Chile and 
the Recent of western South American coastal waters have the same vesicular 
filling. 

Verruca (Fig, 13,11.3* 5) and its rthuves resemble Balaam but the plates 
are asymmetrically distributed. 

Recent species of balanid barnacles were referable to 24 Genera and 223 
species in 1916. Some of the species had been reported as fossils. Rather oddly, 
however* not many studies have been published yet upon either lepadid or 
balanid barnacles* in spite of the fact that remains of barnacles are rather 
abundant in near-shore Cenozoie sediments, and skeletons of barnacles 
retain considerable evidence of their evolutionary modification* 

Balanids occur as early as the Mesozoic and then range through the Ccn- 
ozoith Supposed Paleozoic Genera of balanids seem to be questionable* 

SUBCLASS 5. MALACOSTRACA 

All of the commonly encountered Crustacea, such as lobsters* crabs* 
shrimps, and crayfish* arc mahcostracans. Most of these animals are marine, 
but some, such as the crayfish, inhabit fresh water, and a few are even 
terrestrial* 

Mala cost rata are characterized by the fusion of the cephalic carapace 
with some of the thoracic segments to form a cephalotborax (Fig. T3.127). 
The entire carapace is molted periodically* along with the covering of all 
of the appendages. Inasmuch as eedysis of lobsters is known better than 
that of any other arthropod* it serves to illustrate the process which probably 
took place when extinct arthropods molted. As the lobster grows, the number 
of cells increases but the volume of the carapace remains the same except 
for a slight expansion due to flexibility along joints, The soft tissue there¬ 
fore is compressed in order to accommodate the new cells. By the lime that 
additional adjustment of the flesh to the rigid armor is impossible* a new, 
thin* chitinous envelope or cuticle has been secreted between the flesh and 
the old shell. Then, as ccdysis becomes imminent* decalcification of parts 
of the cephalothorax and joints takes place. Dccaldfication provides ad¬ 
ditional flexibility during withdrawal of soft parts from the shelh Ecdysss 
begins with transverse splitting of the carapace along the dorsal suture be¬ 
tween the thorax and abdomen* after which the soft animal first hacks out 
of the front part of the carapace and then climbs forward out of the abdominal 
portion. It is apparent that advantage is taken of natural taper of the car¬ 
apace so that withdrawal is always in the expanding direction. At the time 
of molting the platelike skeletal divisions among muscles also arc shed 
because these partitions really are infolded portions of the carapace. Once 
having molted, a lobster quickly takes in fluid and allows preformed cells 
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to expand even beyond their normal size, as if in anticipation of a future 
necessity to lose water as new cells are formed, A lobster observed by Her¬ 
rick came out of a shell 11,25 inches (aJLfi cm) long and was 12 inches (p.5 
cm) long shortly thereafter. At the end of four days when the carapace had 
begun to harden perceptibly, it was 12.5 inches (31.8 trm) long. 

For a period of about six weeks after molting a lobster leads a retiring 
existence while it adds calcium carbonate to its carapace. A lobster is a 
great delicacy for some fish during its soft-shelled stages, just as the blue 
crab is highly prized by people during its soft-shelled stages. A lobster 
10*5 inches (26.7 cm) long will have molted about 25 times, will be about 
5 years old, and will weigh 1*75 pounds. Incidentally* the name of the Sub¬ 
class* Malacostraca, was derived from two Greek words meaning “soft” and 
"shell 1 * 

In addition to the presence of a cephalothorax, Malacostraca are char¬ 
acterized by the presence of 19 recognizable segments in the body, not count¬ 
ing stalked eyes and the terminal segment* both of which may be consider¬ 
ably modified. The head consists of 5 segments, the thorax of 8* and the 
abdomen of 6, all of which segments can be characterized by the modi¬ 
fications of the paired appendages they inherited from a generalized ancestral 
form. Thus, the appendages of the head consist of an anterior pair of unira- 
mous antennulcsj a pair of biramous antennae, a pair of heavy biramous 
mandibles for chewing, and two pairs of lighter biramous maxillae to assist 
in chewing. These five pairs of cephalic appendages often are represented 
as simple specializations of the ancestral trilobitan plan of ventral appendages 
which mostly served locomotor functions. Considerable difference of opinion 
exists as to which pair of crustacean limbs is homologous with a particular 
pair of tniobium or of other arthropodan limbs on the respective head regions. 

Behind the head, the paired appendages on the eight thoracic segments 
commonly are modified to serve two functions. As many as four anterior 
pairs are articulated in such a way that they help in handling food near the 
mouth, yet they also resemble locomotor appendages; therefore, they are 
given the compound name of maxillipedcs (jaw-feet). At least the posterior 
four pairs of appendages on the thorax serve strictly as walking legs* It is the 
walking legs which are the commonly seen appendages of lobsters and 
crabs. Abdominal appendages normally are insignificant* biramous swim- 
mercu* except for the posterior pair. Both rami of the List pair arc much 
expanded circular plates (uropods) which spread out to make the four parts 
of the effective tail fans of lobsters and crayfish. A lobster* for instance, 
propels itself backward at high speed by swinging the uropods down and 
forward in a violent muscular spasm. 

Respiration is carried on by one or more rows of giOs which lie at the base 
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of the legs or on the thoracic segments in an elongate gill chamber where the 
thorax is overlapped by the external carapace of the cephaluthorax. Another 
special structure is the gastric mill. This consists of chitinous masticator) e 
vices located within the anterior part of the digestive track, but interna y 
from the external chewing feet such as the mandibles. Gastne nulls are molted 


along with the exoskeleton. , , 

Only a few of the most important groups with fossil representatives are 

considered below, although this procedure does not do justice to the great 

zooloeic importance of Crustacea. . t 

The oldest malacostracans have been collected from the Devonian of 
New York and Germany. Acanthaielson (Fig. 13.1^) '* * Pennsylvanian 
form which is potentially able to be ancestral to the bier Malacostraca, 

Phvll oca rids. Phyllocarids are shrimptike animals which depart radially 
from all other Malacostraca by having a variable number-up to ao-*I bodf 
segments, the extra segment being in the abdomen. This numerics 1 er- 
cnev is considered to be great enough by some naturalists to warrant separat¬ 
ing the phyllocarids from the rest of the Malacostraca. Thoracic limbs are 
leaflike—a feature which is the source of the name phyllocand (leaf shrimp). 
The group is represented by Neitolia, which is a Recent Genus (Fig. 13.12-9)> 
and possibly by several extinct forms which existed as early as t c am nan. 
Echmocani (Fig. 13.12.8) is a characteristic Paleozoic Genus. According to 
zoologic considerations, Nebdia and its relatives represent transitional forms 
between the ostracodes and branchiopods on the one hand, and the mala- 


cost r a cans on the other hand. 

Isopods Isopods are rather small dorscventraUy flattened crustaceans 
(Fig. 13.12.5), Carapaces are lacking, thoracic appendages and antennules 
usually arc uniramous, and abdominal appendages usually art iramons. 
Isopods (equal feet) arc so named because the thoracic appendages are all the 
same. The largest living isopod is about ti inches <aS cm) long and the 
smallest arc microscopic. They abound at various depths m the oceans where 
they are major scavengers, but marine isopods are almost rt^rscen by lay¬ 
men. Instead, the most widely known living isopod is ArmaJ&Jmm, which 
is the common piU bug or wood louse of gardens. This strange fellow is one 
of the few terrestrial Crustacea, sharing this distinction principally with a 
few land crabs. Fresh water forms of isopods also are known. 

Isopods have been reported from rocks as old as the Devonian, and several 
Mesozoic species arc known, such as Cydoipheerorna (Jurassic) from Eng¬ 
land (Fig. 13.12.3). At least 28 fossil species have been described, most of 
which are from the Tertiary of Europe where isopods have been found 
abundantly at a few localities. Two species are known from North America, 
both from the Cretaceous. 
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Am phi pods. Amphipods resemble the isopods but are compressed later¬ 
ally instead of dorsovcnlrally. Only one or two thoracic segments are fused 
with the head in this group of shrimplike animals, whereas all thoracic seg¬ 
ments are fused with the head in the true shrimps belonging to the decapods. 
Two kinds of thoracic appendages are present, of which the anterior ones 
bear small claws and the posterior ones do not—hence amphipod, meaning 
"both kinds of feet, 11 Many marine amphipods are known, in addition to 
which several fresh-water species have been reported. Among the biter arc 
the well shrimp and the gamma rid shrimp such as Gammaws* Another com¬ 
mon amphipod is the tiny terrestrial sand hopper* which occurs on most sandy 
beaches where it dwells in windrows o£ seaweed and skits about noses and 
ears of sun bathers. 

Decapods. Crustacea with ten legs are typified by lobsters, crabs, shrimps, 
and prawns. One decapod, the Japanese giant crab, Macracfitira, is the largest 
arthropod ever to live, h becomes as great as n feet (^j6 m) in diameter as 
measured to the tips of opposite legs. It is the well-known canned crab of 
commerce,. Among die decapods there has been a dominant trend toward 
development of unlramous appendages by suppression of the exopod ite. 
Moreover,, there is a trend toward increased reflexing of the abdomen forward 
and ventralty. Thus, in lobsters, crayfish, shrimps, and prawns, the abdomen 
extends in a gentle arc posteriorly and ends in a fan-shaped tail; in hermit 
crabs the abdomen is slightly re flexed; and in common crabs the abdomen is 
so completely re flexed that it is closely appressed against the ventral surface 
of the thorax ^Fig r ijjriz.io). The abdomen of crabs also is reduced in size 
and tends to lack the tifopods. Shape of the carapace, such as circular, 
quadrate, or triangular, is useful in identification of crabs. 

Decapod crustaceans can be ditferentiated into groups on the basis of vari¬ 
ation in construction of legs. All groups reveal a distinct tendency toward 
development of pincers (chelae) on one or more pairs of legs; legs which bear 
chelae arc chelipedes. In a lobster, for instance, the anterior pair of legs con¬ 
sists of huge claw-bearing chdipedes, whereas the other four pairs of legs 
lack chelae. In shrimps and prawns* on the other hand, two or three pairs of 
legs bear chelae and three or two pairs, respective^ lack them- A few un- 
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usual decapod crustaceans bear one large chela on one appendage and a small 
chela on the matching appendage of the same pair, as in fiddler crabs. One 
chela of a certain decapod is larger than all the rest of the animal combined. 
Chelae are useful, not only for catching food and for defense, but for digging, 
hammering, and climbing. The coco crab, for instance, climbs trees for 
coconuts, pounds a hole in one by knocking out an ‘‘eye" of the inner shell 
and then feeds on the meat inside. Other kinds of crabs inhabit empty shells, 
holes, or hollow stems of plants, and may even close off the entrance to their 
particular residence by using one or both chelae os a neatly fitting door. 

In view of the remarkable adaptability of chelipedes, it Is likely that they 
may become the most strati graphically useful of all malacostracan remains- A 
cheliped is the huskiest pan of a crab and is therefore the part most likely to 
occur as a fossil A cheliped consists of three short segments culminating in 
the large chela or daw proper (Fig. 15.12.10). The chela consists of a main 
portion, the man us, which bears a fixed finger or pro pod on the lower edge. 
Opposed to this and operated by powerful muscles is the movable finger or 
dactyl The dactyl has a smooth upper surface and a tooth-bearing lower 
surface which opposes teeth on the pmpodL A sulcus and pits bearing setae 
may occupy the lateral surfaces, and a variety of spines may clothe the dactyl 
and manus. Recent work by Menses (1951) indicates that species of the 
common crab. Cancer* can be recognised from dactyls alone in. Pleistocene 
deposits of California. 

More fossil decapods arc known than are all other kinds of fossil Mala- 
costraca combined The oldest decapod! ike crustaceans arc reported from the 
Pennsylvanian (as AntAmpalacmon, Fig. 1342.7), hut the first unquestioned 
decapods occur in the Triassic* Decapods are rather common locally in the 
Jurassic, as at 5 olenhn£en p Germany, They were particularly abundant, how¬ 
ever, from the Cretaceous to the Recent, and they occur as fossils in many 
lands. A compilation from Rathbun (1935) of fossil decapods on the Atlantic 
and Gulf Coastal Plains reveals that species are distributed according to 
time as follows: Cretaceous 72, Eocene 53, Oligocene 5, Miocene 27* Pliocene 
5, and Pleistocene 14. 

Some decapods manifest a homing instinct which is unique among all in¬ 
vertebrates. In recent years adult lobsters off the coast of California have been 
banded like birds and then transported to new grounds where it was hoped 
that they might inaugurate new colonies. Instead, they swam back to their 
former haunts! Lindbcrg (1955) reported that one lobster returned 30 miles 
In two or three months and crossed deep channels. Another moved 100 miles 
in too days, and one record of a 200-milc homing journey is reported. The 
geologic and zoologic implications □£ a homing instinct are diverse, but it is 
probable that an active homing instinct would keep a group of lobsters isolated 
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and thereby increase the differentiation of local populations. If isolation per¬ 
sisted over a long enough period of time, k would serve to create numerous 
local species and to inhibit the use of such creatures for purposes ol p 
oiuologk correlation, Distribution of decapods is governed m pari by their 
sensitivity to changes in temperature; hence, a homing instinct won uri 
increase the provinciality of decapod faunas. Perhaps it s iou ! ' ot . e su 
prising to find a strong homing instinct in Crustacea, inasmuc as t e oming 

instinct in arthropods such as bees is well known. 

Fresh-Water Malacostraca. In the course of populating different aque 
environments, the Malacostraca have invaded rivers, lakes and eveni the :in¬ 
nermost recesses of caves. It is concluded that the marine forms g* 
the fresh-water forms because the overwhelming majority of all Malacos 
arc marine, and marine forms occur earlier in the geologic record than In ■ 
water forms do. it also seems to be likely that f res -water strains aro« 
more than one occasion. For instance, both the crabs and the crayfish occur 
in fresh water, yet neither of these groups seems to iave g£ cn f* 5 ? , . 

other. Moreover, there is a distinction at the generic and even Family level be¬ 
tween crayfish of the northern hemisphere and crayfish of the southern hemi¬ 
sphere, which suggests that they did not have a common ancestor Most of 
the fresh-water decapods have been referred to six Families. Crayfish ane abl 
to inhabit water which is decidedly cooler than that which the rivercrabs 
and prawns can tolerate; therefore, the river crabs and prawns are pric ed 
to tropical and subtropical streams. Thus, fresh-water Malacostraca are dis¬ 
tributed in three climate zones with the river crabs and prawns m the middc 
River crabs, however, arc much more aggressive than arc crayfish; hence, 
two groups are mutually exclusive. 1 hey may exist in the same rt k |o n u " 
in the same body of water. It appears that the crabs arc able to drive the 

crayfish ever farther away from the tropics 

The geologic record of fresh-water maJacosttacans is, expectedly, muc i c ^ 
complete than is the record of marine forms, but there is sii a signi can 
record of the fresh-water forms. The oldest known fresh-water crayfish have 
been reported from the Early Cretaceous of Australasia; by Medial Cretaceous 
time there were unquestioned occurrences of fresh-water crayfish in h, t 
region. Crayfish then spread quickly to Central America^ and over most o 
the world, except Africa, which is almost devoid of crayfish.The effectiveness 
with which crayfish have been distributed is demonstrated by the presence 
of at least 67 species of die common Genus of crayfish, Cambarui, w t c 

central and eastern United States alone. 

The oldest fresh-water crabs have been reported from the Late Cretaceous. 
They appeared first and almost simultaneously in India and m the southern 
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with a problem which arises from the stratigraphic and geographic distrihu- 
lion of fresh-water Malacostraca, That is, how did fresh-water decapods such 
as Cam barns get cm opposite sides of the Atlantic Ocean? No fresh-water 
decapod has a resting stage; Therefore they cannot be transported while in¬ 
active, Nor has any decapod egg or larva been found adhering to birds. Nor 
is any one of them able to survive even for a short time in sale w r atcr s much 
less drift or swim thousands of miles. In an effort to allow for individual ter¬ 
restrial migrations over short distances, and thereby ultimately to reach dis¬ 
tant lands, some scientists have postulated an elaborate system of land bridges 
connecting different continents. In this way the distribution of creatures such 
as fresh water decapods can be explained. On the other hand, considerable 
geologic and geophysical evidence suggests that there have not been land 
bridges across the major oceans* Many biologists think that fresh-water 
decapods might have survived the trip across an ocean on some floating 
object, even though the probability that the event would take place is ex¬ 
tremely small. 


Class E. Insects 

Insects may be the most diverse creatures on the face of the earth and 
definitely arc the most abundant form of animal life seen by mam Onlv 
protozoans and worms exceed them in numbers, but both of the former 
groups are inconspicuous. According to one authority, 83,780 species of insects 
had been described in the United States up to 1946, but only 1370 common 
names have been recognized, even by Specialists. Peterson {1948) was in¬ 
formed by entomologists in the U. S. Department of Agriculture that 662,298 
species of living insects have been described and given scientific names, but 
this figure does not include subspecies and varieties (except among some 
ants) + New species of insects are being described at the rate of about 6000 per 
year, which is probably faster than all other animals combined arc being 
described. Even so. only a minor portion of the total number of living species 
of insects probably 3 m been discovered. 

Insects typically ate terrestrial or aerial* but many, such as the mosquito, 
pass their early developmental stages in water. Only a few, such as water 
beetles, are distinctly aquatic. Insects breathe by means of tracheae. Their 
other most obvious character is the presence of three pairs of locomotor 
appendages on the thorax. 

Bodies of insects are divided into head, thorax, and abdomen. The head 
may bear simple or compound eyes, or both. Much difference of opinion has 
been expressed by entomologists as to exactly how many segments are rep¬ 
resented in the head of an insect, but most specialists recognize five or six 
segments. Only four pairs of appendages generally arc present on the head. 
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These appendages comprise one pair of antennae, one pair of mandibles, and 
two pairs of maxillae. More difference of opinion exists among entomologists 
as to the homologies of these appendages with the appendages of other 
arthropods. It is apparent that there has been some reduction in number of 
appendages, but there is not widespread agreement as to which pair of ap¬ 
pendages is missing and which pairs may not serve their former functions. 

The most remarkable changes in insects relate to Lheir manner of growth. 
Although the adults of most living insects do not molt, they surely were 
derived from creatures which did molt. In a very few cases among living 
insects, the adult emerges from the egg fully developed. Nevertheless, it is 
thought that the adult form of primitive insects arose by a gradual succession 
of molts in which each successive stage more nearly approached the adult 
form. Incomplete metamorphosis was introduced when the number of molt 
stages was reduced and rather more extensive changes transpired bet ween 
molt stages than had taken place previously. Changes could be reflected in 
the nature of appendages or in the construction of the head. The form 
characterizing each of the stages during metamorphosis is a nymph. Nymphal 
stages arc known from the Carboniferous. _ 

Most living insects pass through a complete metamorphosis in which radical 
morphologic changes affect the larva during a long resting period and only 
one eedysis occurs between the early form, the pupa, and the finished adult, 
the imaga The occurrence of complete metamorphosis among insects is well 
known through the changes of caterpillars during their pupal resting stage 
in cocoons into a butterfly or a moth as an imago. Complete metamorphosis 
is known to have taken place in insects as long ago as the Early Permian. 
Present data indicate that 5 per cent of the Early Permian inlets went 
through complete metamorphosis, whereas 88 per cent of the Recent in- 
sects do. 

The heads of insects arc modified by the development of structures asso¬ 
ciated with the operation of Lhe mouth parts. In some very primitive forms 
the mouth parts are recessed within flaps of chitin to form a pouched head. 
Primitive features of this sort are present in the living spnngtads and their 
relatives, the ancestors of which arc known from the Middle Devonian of 
Scotland and are the oldest insects yet discovered. In another primitive group, 
represented by the living silverfish, the mouth parts are operated by muscles 
attached to internal chitinous supports in the head. From this Utter group 
arose the higher insects in which the inward growths of the head eventua ly 
coalesced to produce a capsule (tentorium) about the cephalic ganglion. In 
neither of these two primitive groups (spnngtaib and sd vet fish) 1S th " c 
any wings; hence they stand apart from the other insects and comprise the 
wingless inlets or Apttrygota. 
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Contrasted with the Apterygota are the winged inseas or Pierygota. Wings 
are borne on the dorsal sides of the second and third thoracic appendages, 
whereas legs of insects are borne on the ventral sides of 3IE three thoracic 
appendages. One or two pairs o£ wings may be present or wings may be 
missing in some forms or at some stages in their development, h is a peculi¬ 
arity of insects that wings arc special outgrowths from the body wall* whereas 
in other flying creatures (pterosaurs, bats, and birds) wings arc modified leg-5- 
Entomologists disagree as to whether wings arose from wingless forms nr 
wings were aborted to produce wingless forms. The idea that the Pterygota 
arose from the Apterygota seems to he supported by more paleonto logic 
evidence at present. For instance, the oldest Apterygota are known from the 
Medial Devonian, but the oldest Fterygota do not appear until the Pennsyl¬ 
vanian. Unfortunately^ the developmental stages in the evolution of size of 
wings have not been discovered in fossils. It does seem, however, that an 
extra, small* winglike prothoradc flap w'as present on the first thoracic seg¬ 
ment of many Late Paleozoic winged insects (Fig, 13/13.1}- The prothoracic 
flaps bore veins and hairs such as the other two pairs of wings do, but there 
is no living or fossil insect knowm in which a third pair of wings, such os 
could he derived from prothoradc flaps, is present. 

Almost immediately after the appearance of the first wings, there was rapid 
evolution of wing posture and venation. Wings of the most ancient insects 
were held upward or projected out stiffly aw r ay from the body, whereas the 
wings of later insects could be folded hack over the posterior region of the 
body. The former insects are the Paleopterka; the latter* the Neopterka. 
Paleopterka are represented by several groups in Carboniferous rocks and are 
still known from the living mayflies and dragonflies. Neopterica lived as early 
as the Early Pennsylvanian and today comprise about 07 per cent of all 
insect species. It has been shown that the neoptcrous insects had a great 
advantage over the paleoptcrous insects because the Neopterica could fold 
back their wings and hide among vegetation. Thh feature acquired great 
survival value in the Mesozoic when pterosaurs and birds both arose. Per¬ 
haps the numerous, long* slender, partly projecting teeth of Ctcnoc&afma and 
even the strong but erratically placed teeth of RkamphorhyricfiHi (two Jurassic 
pterosaurs) were adapted for catching air borne insects. 
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CLASSIFICATION, Living insects arc grouped into about 25 Orders, 
In addition* some 44 Orders of cxiinct insects have been described, but many 
Orders arc based upon a single peculiar feature or upon incompletely known 
material. About i^oon species of fossil insects have been described from ap¬ 
proximately half a million specimens. Naturally, this great wealth of mr- 
renal can only be referred to a few large groups in a general text. The classi¬ 
fication used herein is a much simplified version of current classifications and 
follows a pattern suggested by Ross (1957). 

Class E, Inseeta 
Subclass i. Apterygota 
Subclass a. Pterygota 
Supcrorder a. Paltoptcrica 
Superorder b* Neoprenes 
Orthopteroids 
Hemipteroids 
NcUfopteroidi 

SUBCLASS L APTERYGOTA 

Apterygota are the wingless insects, such as are represented today by the 
springtails and sitverfish. The Subclass ranges from the Medial Devonian of 
Scotland to the Recent. RhymtUa, the oldest known insect, was discovered in 
1926 in chips of flint from a bed in the Old Red Sandstone in Scotland. The 
head capsule, a few appendages, and incomplete abdominal segments are 
known. 


SUBCLASS % PTERYGOTA 

To this Subclass are referred all of the winged insects, although some, such 
as the fleas, may have evolved into wingless forms secondarily. This group is 
known from the Lower Pennsylvanian. Two Superordcrs can be recognized. 

Superorder cr. Poleoptu fieri 

All winged insects which carry their wings straight out from their bodies 
arc included in the Paieoptcrica. Dragonflies and mayflies are common living 
representatives, but several other groups of equal rank are known. These 
- latter Orders represent paleoptcrous anticipations of roaches, flics, bugs, and 
so forth, hut are not known to have been the actual ancestors of the later 
comparable groups. Instead* it is possible that insects participated in two great 
parallel evolutionary series. The Palcoptcrica arose in the Early Pennsyl¬ 
vania n but only one of the five Orders of Paleopterica survived into the 
Trunk and that group is still living. Mischoptera {Fig. 1345*1) is typical of 
the Carboniferous Paleopterica. 
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$uperord« b. Naoptortca 

Neoptcrica ace the insects whose wings can be folded back over the body. 
Growth involves increasingly profound metamorphosis. Identifications .e- 
pend to a large extent upon differentiation in the venation of the wings. The 
Neopterica appear shortly after the Paleoptcrica in the Early Pennsylvanian 
and are the dominant Jiving insects. Ordinarily the group is divided into a 
score or more of Orders, several of which are so large and diverse that a 
single Order can occupy the attention of a specialist for his entire profes¬ 
sional lifetime. The neopterous Orders are discussed below in three general 
groups based largely upon progressive complexity of the life histories. 

Orthopteroids. These strictly terrestrial insects arc typified by the cock¬ 
roaches, grasshoppers, and termites. Development of orthopieroids takes place 
gradually through a succession of nymphs. Specialists recognize at least five 
Orders of orthopieroids- Orthopieroids arc known from as early as the Penn¬ 
sylvanian when cockroaches were abundant and large. The greatest of these 
Carboniferous swamp dwellers reached a length of 4 inches {10 cm). 

Hemipteroids. Hcmiptcroids are the lice, thrips, aphids, and scale insects, 
the principal characteristic of which is modification of the mouth parts for 
sucking, piercing, and biting functions. Many hemipteroids are notorious 
pests which prey upon plants and animals alike. Nymphs of hemipteroids are 
distinctly different from the adults; for instance, nymphs generally lack the 
three ocelli {eye spots) which arc characteristic of the adults, and wings are 
present only in the last two or three moll stages. Specialists recognize at least 
5 Orders of hemipteroids. The oldest members lived in the Early Permian 

and the group is extremely abundant today. 

Neuropteroids. Most insects belong to the nenropteroids, including beetles, 
bees, flies, fleas, ants, butterflies, and moths. Metamorphosis is complete among 
the neuropier olds, and three dissimilar bodily form* (larva, pupa, and imago) 
may be involved in the developmental history of a species. Specialists or 1* 
narily divide the neuropteroids \nw at least 10 Orders, based primarily upon 
changes in the number, nature, size, and venation of the wings. This, die 
flies and mosquitoes {Fig. 1^3.5), for instance only have two wings (Order 
Dipterida), and fleas have become secondarily wingless. Beetles (Order 
Coleopterida) retain the anterior pair of wings but that pair is modified into 
hard chitinous covers (elytra) which fold over the hind pair of wings as a 
durable cover (Fig. 13.13*4)- Ifl kcewings (Order Ncuropterida) the vena* 
tion becomes elaborately subdivided (Fig. but in scorpionfoes the 

venation becomes secondarily simplified. In bees and ants (Order Hymeno- 
pterida) the fore wings are larger than the hind wings and the mouth parts 
are used for biting (Fig. 13.13*6). Wings of butterflies and moths (Order 


374 


INVERTEBRATE PALEONTOLOGY 


Lcpidopterida) arc subequal and mouth parts arc used for sucking (Fig. 

13-13-3) > 

Neufopicroich arc known in rocks as old as the Early Permian when 
scorpiemflics and ant Li tins existed. Of the other groups (Orders)* beetles are 
known from the Late Permian; bees 3 ants, flies, mosquitoes, butterflies, and 
moihs arc known from the Jurassic; and fleas are known from the Early 
Tertiary, 

GEOLOGIC OCCURRENCE, The oldest insects of any sort are the 
wingless forms from ihc Medial Devonian. The oldest known winged in¬ 
sects lived during the Early Pennsylvanian, but it is almost certain that 
Mississipphn species will be found because the Pennsylvanian species are 
rather far advanced. 

Wings of ancient insects may be readily confused with plant remains be¬ 
cause of similar venation" Completely veined leaves are not known before 
the Cretaceous h however, so any Paleozoic fossil which seems to have leaflike 
venation is presumably referable to the insects and not to the plants. 

Insects evolved very rapidly during the Pennsylvanian and Permian* pro¬ 
ducing ancient forerunners of many later adaptive trends. In North America 
the best Permian collections have been made in Kansas and Oklahoma. In¬ 
sect populations changed radically at the end of the Paleozoic or in Thassic 
time. The next extensive faunas (from the Jurassic of Solenhofcn, Germany) 
show dominance of neopierous forms. Unfortunately, only a few extensive 
insect populations arc known from the Cretaceous when flowering plants 
were becoming perfected and widespread. By Tertiary time, however, several 
fine collecting local ides were established. In North America the Green River 
lake beds (Eocene) of Wyoming and Colorado and the volcanic ash beds in 
the Florissant shale (Miocene) of Colorado are both excellent sources of fossil 
insects. In Europe the best Tertiary insects by far have come from lumps of 
amber in Oligocene sediments op the Baltic Plain in northern Germany. 
Possibly fiver 100*000 specimens of insects have been collected in amber from 
those deposits. More recently* abundant remains of Late Pleistocene insects 
have been discovered in the fine screenings from the famous asphalt pits at 
Rancho La Brea in Los Angeles. California, 

ORIGIN OF FLYING INSECTS. It is generally agreed that insect 
wings are outgrowths from the dorsal side of the body wall. It also has been 
rather widely held that Insects developed the power of flight as a perfection 
of the ability ro soar through the air; but there has been some difference of 
opinion as to whether insects soared from plant to plant or whether they 
leaped out of the water and planed through the air for short distances. 

One hypothesis held that insects originated from trilobites In coordination 
with the adaptation to flight. Thus, according to Handlirsch, wings are 


CRUSTACEANS AND INSECTS 


575 


modifications of the pleura of trilobites and winged insects arose directly from 
these primitive aquatic ancestors. Moreover, wingless insects must have been 
derived from winged forms if HandLir£ch h s hypothesis is cenable. 

Some biologists prefer 3 hypothesis by Hansen that msceis arose from a 
crustacean rather than from a trilobite. Certainly Crustacea are much closer 
lo insects in general advancement of organization than ate trilobites. For in¬ 
stance, mouth parts are similar and compound eyes are similar. 

According to still another hypothesis, by Versiuys, the insects and myria¬ 
pods both descended from a common terrestrial eradicate ancestor among the 
Onychophora. Moreover, the trilobite and crustaceans both supposedly 
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descended from the same ancestor, Versluys' hypothesis is almost diametri¬ 
cally opposed to most other proposals because it requires the aquatic 
arthropods to be descended from terrestrial ancestors. 

The discovery of wingless insects in the Devonian reinforces the argument 
that the Ptcrygota arose from the ApterygoLa. Wings may be thought of as 
flat lobes which grew out from the Wy wall of a flightless insect- The lobes 
presumably would have contained tracheal tubes from the time of their origin 
and these tubes would have been modified into veins in later stages of wing 
development. Thus, lateral lobes would have enabled early forms to plane 
from object to object very much as flying squirrels glide from tree to tree. In 
this regard, a few Recent roaches glide from plant to plant in the same man¬ 
ner. No large plants are known from deposits older than the Late Devonian, 
so the evolution of flying insects could have received its first great impetus 
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at that time. Primitive plants are recorded from the Middle Devonian in 
association with the first insects, but it docs not seem probable that insects 
could have glided far by soaring down from a primitive plant which was 
only a few centimeters tail. 


Class F. Myriapoda 

Elongate terrestrial arthropods which bear numerous segments and ap- 
pendants along the length of the body comprise the myriapod*, anous 
myriapods are known as centipedes and millipedes. Their differentiation is 
based upon the number of segments, the position of the genital opening, and 
whether each segment bears one pair or two pairs of appendages (Fig. 

Some myriapods have antennae and some forms bear poisonous £ aw ®' 
sands of living species arc known but only a few fossil forms have been de¬ 
scribed. The oldest of the fossils is Pennsylvanian. 


QUESTIONS 

i. How, and in what groups of crustaceans, is dimorphism important? 
a. What appendages bear the "claws" in lobsters, crabs, Limulus, Pterygouts. 

scorpions? . . , 

а. What theories account for the development of flight in insects. 

4. Whai has the evolutionary ascendancy of insects to do with their me - 

morphoses? , * , 

5, What palcontdagic evidence bears on the ancestry or arihropoas. 

б. Trace the evolution of barnacles. How does their embryology suggest the 

ancestry of the entire group? ... .. n , un,„ 

7. In what unique way can branch iopods be distributed geographies 
other invertebrates can be spread by the same means? 

8. Trace the geographic distribution of fresh -water crustaceans. How does 
competition alfect their distribution? What do these things have to do with 

paleogeography and evolution? . , . , 

9. What is the relationship between abundance and stratigraphic usefulness ot 
ostraeodes, decapods, branchiopods, and iso pods? 

10. What is the hearing between the ecology and habits of Recent lobsters and 
crayfish and usefulness of trilobices and eurypierids for stratigraphic cor* 
relation? 
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ATTACHED ECHINODERMS 


PHYLUM XIV. ECHINODERMA 

Spiny-skinned animals, as the name Echi noderm a implies, characteristically 
are equipped with some sort of protruding, skeletal barbs, but not all 
echinoderms arc truly spinose—their skeletons may merely be globular ar¬ 
rangement of hard plates* Members of the Phylum can be rather loosely char¬ 
acterized as invertebrates with pcntameral (five-rayed) symmetry and a 
skeleton consisting of calcareous plates. Echmolds and starfish include well- 
known living examples of the Phylum* but several other groups arc of equal 
systematic importance, even though they bear only remote resemblance to 
echinoids and starfish. Perhaps half of the important taxa such as cystoids and 
Mastoid* are extinct* and crlnoids are largely known as fossils. All three of 
the foregoing Classes are represented by animals of unusual morphology 
which are familiar to students of historical geology* Inasmuch as no one Class 
can be said to represent the whole Phylum adequately, a general appreciation 
of the diversity of the Echinodcrma must be obtained through reference to 
several Classes* 

Differences among various echinodcrms are understood best by comparing 
posture with orientation and nature of the digestive track. Crmoids, cystoids* 
and bbstoids (Fig. 14,1,1-4) lived dorsal side down and were commonly 
attached to the substratum by a stem. Edrioasterdds (Fig. 14.15) were dis- 
coidal animals which lived attached to a shell or other hard surface; they 
cannot be said to have had definite dorsal or ventral surfaces, but only oral 
and aboral surfaces* Starfish and ophiuroids (Fig. 14,1*10* ti) lived ventral 
side down* whereas holothurotds (Fig* 14.1,9} lived on their sides; none of 
the three groups was attached to the substratum. Among the living echinoids, 
the sand dollars (Fig, 14*1.6) either live on sandy bottoms or are inserted 
obliquely into the sand; sea urchins (Fig- 14*1.8) wedge themselves into 
niches on rocky headlands, but heart urchins (Fig. 14.1.7) bury themselves in 
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the sand. All echmoids normally live ventral side down and do not move 

about very much. , , . ,. 

Hie configurations of the digestive systems of some of the foregoing cchi- 

noderms are shown in Figure 14.2.7-12. 

A zoologic description of the Echinoderma not only must take into ac- 
count the pentamcral symmetry and calcareous skeleton mentioned above, 
but must also take note lhaL echinoderms possess a water vascular system 
which is unique to this Phylum and which is accorded fundamental im¬ 
portance in classifications. A water vascular system consists of an elaborate 
network of tubes which resembles a blood vascular system, but opens fredy 




into the surrounding sea water through a special hydropore or through a 
special perforated plate, die mad repome. Water vascular systems assist m 
loco motion and respiration and possibly also in ridding echinoderms of some 
waste products or even of excess water. One comparative anatomist has ob¬ 
served that the flow of water is consistently out of the madrepontc rather than 
both ways; moreover, he concludes that water vascular systems may be modi¬ 
fications of one of the nephridial ducts of echinoderms. 

-have a large body cavity, very highly organized nervous sys- 

solitary growth habit. No true blood vascular system is 
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present, but a lacunar system of nondrculatory fluid-filled sinuses extends 
down each ray and seems to serve as a means of transporting nourishment 
through the body. 

Reproductive organs may occupy much of the interior of an echinoid T but 
they are represented by minute organs out on the slender arms of crinoids. 

Methods of obtaining food differ radically, and even digestive systems of 
rchinoderms arc most diversified. Ech inode rms may be detritus-feeders, filter- 
feeders, or voracious predators, but they function to a large extent as scav¬ 
engers. Starfish, for instance, seek their food, but crinoids rely upon currents 
to bring their food to them. Again, starfish have relatively large stomachs, 
whereas stomachs of crinoids arc relatively small. 

SYMMETRY, When eebinoderms were first described they were con¬ 
sidered, together with the code nitrates, to comprise the Phylum Radiata be¬ 
cause both groups seemed to exhibit radial symmetry. It is now recognized 
that all corals are fundamentally symmetrical bilaterally and that echi¬ 
noderms arc bilaterally symmetrical also; but pentamcral t letramcrah or 
hexamera! patterns of symmetry art superimposed on the basic hi laterality 
in each of the foregoing groups. In a starfish, for instance, five planes of syrn^ 
metry can be recognized which bisect one arm and the space between arms 
on the other side of the central disc, A starfish, however* bears its madreporste 
on the upper surface between two arms, and the animal normally moves 
forward in the direction projected by the arm on the left side of the niadre- 
porite. In effect them there is one anterior-posterior plane of symmetry which 
is based upon the direction of locomotion. But this arrangement leaves the 
single madreporitc on the right side of the plane with nothing to balance it 
symmetrically on the left side- therefore a second and more fundamental 
plane of symmetry can he drawn which passes through the madreporite 
and the opposite arm. An analogous situation is evident among humans (and 
vertebrates in general), because wt are distinctly symmetrical bilaterally, yet 
we have only one heart and it is on the left side of our anterior-posterior plane 
of symmetry. 

The fundamental bilateral symmetry of echinodefrns also is manifested bv 
the early larval forms; but a Larva subsequently undergoes a metamorphosis 
involving resorption of digestive organs, after which the animal is reorganized 
into a new larval form with pcntameral symmetry* It is the latter larva which 
develops into an adult animal. 

SKELETON. Echi noderm skeletons are essentially cxnskeleions In that 
they are boxlike containers around the soft internal viscera. Skeletons consist 
of separate plates called ossicles, which may be flexibly articulated, rigidly 
interlocked, or merely distributed as isolated bodies through the flesh. Most 
ossicles arc blocky, but some are spiniform, others are fibrous, and others are 
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spicular. Ossicles are seemed by the mesoderm and arc suspended in the flesh 
itself,, being covered externally in life by a fleshy ciliated sheath and separated 
from neighboring plates by a thin veil of soEt tissue. Ossicles are Therefore 
parts of an endoskelcton. Loosely articulated echmodcrms Fall apart after 
death because the flesh decomposes, whereupon the individual ossicles may 
be scattered by ocean currents. 

Surfaces of some echinoderms (particularly echmolds and starfish) are 
thickly covered with microscopic, jaw like structures supported upon stalks 
of varying lengths. These pcdicellariae (Fig. seem to function as 

protective devices and to clean refuse from the surface of the animals. More 
attention is devoted to pedicel! arise in discussions of starfish and echinoids 
in Chapter 15. 

Microstructure of echinoderms is interesting because skeletons are con¬ 
structed in conformity to crystallographic orientation. The skeletal substance 
is composed of microscopic rods or spicules which are arranged in a three- 
dimensional latticework like a ^monkey gym hB of a playground (Fig. 
14^5, 6)< All of the box work of a single ossicle is secreted in crystallographic 
parallelism, but the C-axis of each ossicle tends to be normal to the surface of 
the test. Similar crystallographic orientation has been determined for elongate 
spinosc plates such as stud the surface of sea urchins, for the C-axis of each 
of those plates coincides with the long dimension. During life, as much as 
60 per cent of the volume of the box work was filled with flesh, but post¬ 
mortem decomposition leaves voids in the interstices. 

If mineralization of ethinoderm skeletons lakes place, the commonest 
process is calcification, during which an inorganic calcife matrix is deposited 
with its C-axis in crystallographic continuity with the organic box work. Ac¬ 
cordingly, if a fossil echinoderm ossicle is broken, the fractures follow the 
rhombic form characteristic of caldte, passing from matrix through skeleton 
without interruption. Echinoderm fragments usually can be recognized in 
liihificd sediments because the ossicles produce large, rhombic* cleavage 
fragments in a fine-grained ground mass, thus simulating the phenocrysts of 
a porphyritic igneous rock. 

WATER VASCULAR SYSTEM. Arrangement of tubes in a water 
vascular system is most readily demonstrated by reference to the starfish. 
Starfish generally consist of a central disc from which five arms radiate along 
imaginary lines called rays, leaving interrays between any two arms* On the 
ventral surface of each arm is a broad and deep am bu lac ml groove which 
is filled with fleshy tube feet about r millimeter in diameter. The hollow tube 
feet project down vertically from the roof of the ambulacra! groove in pairs,, 
and the position of each pair is denoted in the skeleton by a pair of closely 
spaced pores* A radial canal extends along the axis of each arm and connects 
the tube feet with a water ring which encircles the mouth at the central disc 
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(Fig. 14,2*1)+ In turn, the water ring communicates through a single S- 
shaped stone canal with the madreporke or sieve plate lying nn the dorsal 
surface in the mterray just to the right of the anterior arm. Sea water has free 
access to the water vascular system through the madreporite. Solid particles 
are kept out of the system by the straining action of the minute perforations 
in the madreporite. 

Starfish utilize muscular contraction and a marvelous arrangement of valves 
and pressure domes (ampullae) to increase or decrease pressuie in the water 
vascular system* When the pressure within the water vascular system is greater 
than the hydrostatic pressure of the ocean, the delicate concave membrane on 
the tip of a tube foot is forced outward and flattened against a solid object. 
Then, IF pressure is decreased in the water vascular system by muscular 
action, the hydrostatic pressure of the ocean creates a suction by the tube foot 
quite Like that obtained in a suction cup or "plumbers' friend, 11 The concerted 
and coordinated action of many tube feet enables a starfish or eehinoid to 
hold fast to solid objects and to move slowly along surfaces, even if inverted. 
And all the time that locomotion is being effected, the w ater vascular system 
is also serving as the respiratory apparatus, 

REPRODUCTION* Echinoderms reproduce sexually * and sexes normally 
are separate,, except that a few in stances of lateral budding arc known among 
ho Loth rut ns. Various kinds of larvae are of great significance in cchinoderm 
studies because the different larvae share features which presumably were 
present in the adult stages of ancestral echinoderms. A dipleurula stage has 
been proposed as a striedy hypothetical evolutionary stage from which all 
echinoderms might have evolved* The dipleurula actually seems to have 
counterparts among fossil cchinoderms, as wiLI be seen in a later section 


(Fig, 14.3.3). £ . , + 

Echinoderms retain remarkable powers of regeneration of damaged tissue 
and may also possess the startling capacity of self-mutlLadoii, whereby they 
can cast off an arm or, in die case of holothurians, even eviscerate themselves 
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when disturbed—after which they grew entirely new organs to replace those 
which have been lost* 

CLASSIFICATION. Two Subphyla of Eehinoderma arc recognized, of 
w r hich the attached forms are referred to the Pclmatozoa and the free-living 
echinoderms are referred to the Eleutherozoa. It has long been thought that 
the attached forms were ancestral to the free-living echmoderrm* in spite of 
the fact chat all Recent cc hi noderms which arc attached pass through an on- 
attached larval stage. Whitchouse (1941) has proposed that some problemaiic + 
Middle Cambrian, nonattachcd echi noderms in Australia represent adults in 
a primitive state which corresponds to the larval stage of advanced echh 
noderms (Fig. 14,3.1# a}„ He referred these peculiar bodies to two other 
Suhphyla (not treated herein) and suggested that both Pclmatozoa and 
Eleuthcrozoa were derived from them, 

Suhphylum f. Pelmatoxoa 

The Subphylum Pelmatozoa consists of echinoderms which typically are 
attached to the substratum by a stem, although a few forms have attained 
nonattached habits and others attach part of the body surface to the sub¬ 
stratum without intervention of a stem. It is customary to refer to the body 
of a stemmed echi noderm as a calyx. 

Class A. Edrioasteroida 

Edrioasteroids are disco id a l, circular, or more or less pentagonal echi- 
nodermsj most of which are less than 5 centimeters in diameter and 1 centi¬ 
meter thick. Their most characteristic feature is the presence of five radi¬ 
ating ambulacra] areas which may be either straight or recurved at their tips. 
In most cases four ambulacra curve counterclockwise and one (the right 
posterior) curves clockwise, but variations on the plan and number of rays 
characterize the several Genera. Each ambulacrum was roofed over in life 
by small cover plates and the whole stellate ambulacra! system converged on 
a centrally located mouth. The anal opening was in the center of a pyramidal 
circlet of plates located between the two opposed ambulacra I rays. A small 
pore between the mouth and anus in some specimens has been called the 
hydropore. Ambulacra! pores lie in the sutures between plates of the ambu¬ 
lacra. It is not known whether ambuSacral pores of edrioasteroids were oc¬ 
cupied in life by tube feet or opened directly into the water vascular system- 
Randomly distributed iiitcrambulacral plates occupy the areas between 
ambulacra. These plates are cither pentagonal or arc scalelike* They overlap 
up toward the mouth instead of down like shingles on a roof. 


ATTACHED ECHINGPERMS 

In life some edrioasEcroids were at¬ 
tached by the rarely observed abora! 
surface or were unattached. They 
range m age from Early Cambrian 
to Late Mississippi an* but were never 
common and are rarely important 
in stratigraphic studies. Their chief 
value lies in their position akin to 
both pelmacozoans and elcmhero- 
zoans. The consensus now is chat they 
were ancestral to the Eleutherczoa, 
but their unique morphology makes 
any hypothesis concerning their evo¬ 
lutionary position difficult to support. 

Is&ropfius is a characteristic edno* 
asteroid Genus which lived during 
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the Ordovician when ednoasteroids 
seem to have reached their greatest 
diversity (Fig. 14.4)* Edrtoaster is the type Genus. 


Class B, Cystoidea 

Cystoids constitute an extinct group of pclmatozoan echinoderms which 
is characterized by the presence of more or less abundant pores on the sur¬ 
face of the calyx. 

Calyces vary in shape from biscuitlike and somewhat pliable sacs of ossicles 
to globular and vaselikc calyces. The former cystoids rested directly upon 
the substratum, but the latter commonly were supported by a stem. Stem less 
cystoids were succeeded by stem-hearing forms. Ossicles of primitive cystoids 
were randomly distributed^ but ossicles were inserted in orderly rows in many 
other cystoids. 

Cystoids all seem to have been filter-feeders. In their least specialized condi¬ 
tion there is no indication of food-gathering apparatus, but it is possible 
that cilia on the exterior surface of the calyx created currents □£ water which 
washed particles of food toward the mouth. In somewhat more specialized 
cystoids the surfaces of the plates near the mouth were indented to form 
food grooves along which ciliated tissue presumably svas concentrated. 

Primitive cystoids had three £ood grooves arranged in the plan of an in¬ 
verted Y- One food groove extended anteriorly in the plane occupied by the 
mouth and periproa, and the other two food grooves diverged laterally and 
posteriorly. The number of five food grooves was attained when the two 
posterior food grooves each branched once. After the basic pcntameral pattern 
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of food grooves became established, the food-gathering efficiency of the sys¬ 
tem was increased by subsidiary branching and by the addition of simple 
arms (braehioles) at the ends of the food grooves. 

The most important variations in cystoids, however, involve the number, 
shape, and location of pores. Pores may be distributed at random over tbe 
surface of a calyx, may conform to general patterns, may be confined to par¬ 
ticular zones on the calyces, or may even be concentrated in small diamond- 
shaped areas. In their most general condition, pores arc random perforations 
over the surface of each ossicle (Fig, 14.54a); pores of this sort are barely 
visible to the unaided eye* Cystoids with haphazard distribution of pores are 
said to have haploports* 

As the number of pores in each pbte decreased, the remaining pores tended 
to occupy the bottoms of more or less sinuous grooves on each ossicle. Grooves 
embraced half a dozen or more pores at one stage, but eventually the pattern 
seems to have been stabilized with only two pores in each elliptical depression* 
This latter condition defines diplopores (Fig. T^.ie, 2). Some plates bear 
several di pin pores but most plates of advanced Genera bear only one diplo- 
pore. Specialization is thought to be recorded not only in a decrease in the 
number of diploporcs, but in the restriction of diplopores to particular areas 
such as the margins of food grooves. Food grooves arose concurrently with 
the development of diplopores among the cystoids. Finally, some echinoderms, 
which appear on other grounds to be cystoids* do not have pores; hence 
their systematic position is controversial, 

Dip!opore~bearing cystoids contain some anomalous features which have 
led to the “Diplopore Paradox. 11 In many Recent cchinoderms such as star¬ 
fish and echinoids it can be observed that tube feet pass through plates of the 
test in a pair of pores. What could be more probable than that tube feet 
must have been present on cystoids with haplopores and that paired tube feet 
were established because diplopores evolved from haplopcres? Unfortunately, 
outer surfaces of cysioid plates seem cither to have been covered with a thin 
veneer of calcareous epistereom, or the ossicles were sheathed in a hard epi¬ 
dermis. No matter which Is correct, the diplopores apparently did not com¬ 
municate with the outside. It follows, therefore* that if diplopores could not 
have accommodated tube feet, they may not even have been part of the water 
vascular system- It has been suggested that diplopores may have been in¬ 
volved in operation of the lacunar system, but it is no more probable that 
blind alleys in ossicles could have served the lacunar system than that they 
could have served a water vascular system. Here, then, is a strange and un¬ 
solved contradiction. The function of diplopores is as yet undetermined, but 
it is possible that these structures originally served one function and sub¬ 
sequently served another function in descendant groups. Similar instances 
are known in the Animal Kingdom, as for instance in the transition of gdl 
slits into the Eustachian tubes of higher mammals. 
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A second pattern of pores arose among cystoids at the same time that 
haplopores were solving into diploporcs, but the two patterns do not occur 
on the same cystoids. Pores of the second kind became concentrated in 
diamond-shaped patterns called pore rhombs (Fig. M-5-3, 5, 6). Pore rhombs 
consist of groups of nearly straight to U-shapcd tubules in which the op¬ 
posite ends of a tubule open on adjacent plates of a test, but the tubules are 
buried within the substance of the plates. Surfaces of raweathered plates of 
some cystoids contain rows of pores in \ -shaped patterns, with die suture 
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between plates closing the open end of the V and the apex of the V lying 
at or near the center of the plate (Fig, 147,1). The adjacent plate in variably 
bears an identical pore pattern but as a mirror image because the two opposed 
Vs are separated along a common suture {Fig. 14.5.3a, 6c), A single ossicle 
may bear halves of one to six pore rhombs. In a weathered or abraded speci¬ 
men the vertical pores can be traced a short distance down into the plates 
until the tubules turn at right angles toward the suture to meet the counter 
part from die adjacent plate. Each polygonal plate may bear half of a pore 
rhomb on each of iis sides, or some sides may be non porous. In some cystoids 
the pore rhombs arc confined to certain regions of the calyx. All in all, the 
pore rhombs tend to become sparser as rhombs evolve, so their effectiveness 
seems to have increased. 

As concentration of pore rhombs became,well established, the outlines of 
the rhombs became dearly defined by a raised rim, and the deeply folded 
tubules occupy depressed rhombic areas which are strikingly grooved per¬ 
pendicular to the long dimension of the area. Structures of this kind are 
called pectijiirhombs in allusion to their resemblance to teeth in □ comb 
(Fig, 14-5-5)- ^cy arc inserted along sutures between plates but are dis¬ 
tinctly separate from the plates themselves (Fig. 14.7.3* 4* 5)- Pectini rhombs 
presumably arose from pore rhombs. 

Evolution of cystoids progressed at an unusually rapid rate. Moreover* 
several other major groups of echinoderms may have sprung from the 
cystoids. No wonder* therefore* that the Class contains quite diverse animals 
whose classification has. been in. a state of flux* 

Order 1« Diplcporidu 

Cystoids which either have diploporcs or haploporcs make up this hetero¬ 
geneous Order. 

ArirtocystiteS, from the Middle Ordovician of Czechoslovakia* as probably 
the most primitive cystoid yet discovered. In fact, it is reasonably similar to 
the hypothetical dipleurula stage mentioned above, Aritfocystitef had a pear- 
shaped, rather flexible test about 8 centimeters long which was constructed 
of smooth* more or less hexagonal, irregularly distributed ossicles. The 
mouth was a slot at the broad end of the test and the anal opening occupied 
the center of a pyramidal cluster of plates (the periproct) which was also lo¬ 
cated well toward the oral end. Two perforations have been discovered in 
the space between the mouth and the periproct. Of these two, a slit nearest 
the mouth is thought to be the hydropore at the entrance of the water 
vascular system, whereas a tiny hole near the periproct is thought to be the 
gonoporc whence the sex products were discharged. No stem is present, 
but the plates at the a bora I end generally comprise a crude circlet. Arms and 
food grooves are absent. Several pores traverse each plate of Aristocystitts 
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and arc arranged at random, although here and there a curved groove in 
dents the surface and connects two pores. AftMoeysutet has haplopores. 

Advances in evolution of food grooves are well illustrated by Glypto- 
sphacrites, a spherical cystoid from the Middle Ordovician of Europe- In this 
Genus the five grooves are not only incised into the plates of the test but 
their food-gathering ability was increased by lateral grooves (Eig. 14,64), 
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Moreover, the grooves in Glyptosphaeriies pass across an oral circlet of 
plates surrounding the mouth and extend about one-third of die way across 
the test. Anstocystites has no oral circlet; and although immediate form* 
such as Sphaerotthes have an oral circlet, the food grooves do not pass beyond 
it to rest upon other plates in the test as they do in Glyptosph&rntes. 
Glyptospkacritts represents one other notable improvement of the food- 
gathering system because one brachiuEc was attached to the test at the end 
of each food groove. An incised groove on the oral or inner face of the 
brachiole is continuous with food grooves on. the test and therefore serves 
to lengthen the food grooves materially. 

Continuation of the trend toward more efficient food-gathering devices 
followed two courses. In the first of these the main grooves extended farther 
over the test until they almost reached the aboral or stem end. The other 
tendency was for branching of short lateral grooves from both sides of the 
main food grooves, and lor each lateral groove to be surmounted at its end 
by a slender brachiole. As changes in food grooves were leading toward 
definite localization and depression of the rays as ambulacra! areas, the 
diplopores tended to become increasingly sparse in mtemmbulacral areas 
and to be crowded up against the food grooves. Eventually the diploporcs 
were confined to plates of special shape (adambulacial plates) adjacent to 
the ambulacra I areas. In fact* the food grooves and pores are so closely 
adjoined in Protcroblmus (Fig. 14.6.5) that it is difficult to decide whether 
to assign this Genus to the cysroids or the bhstoids. Proierobiastots therefore 
constitutes one of the “missing Sinks 1 ' which have been discovered by paleon¬ 
tologists. 


Order 2* Rhombiferida 

This Order mostly consists of SEembcaring cystoids in which pore rhombs 
or peainirhombs are present instead of haplopores or diplnpores. Moreover, 
brachioles are better developed, and incised food grooves are less developed* 
than they are among the Diploporida, 

Echinosphaentes (Fig. 14.7.2) is a Genus of primitive, spherical, Ordo¬ 
vician cystoids from Europe in which plates are irregularly arranged and a 
stem is rudimentary or absent, thus matching in evolutionary position the 
genus Arhiacysrites among the Diploporida. The oral region is slightly raised 
into a triangular platform with very short food grooves, from the outer 
corner of which the brachioles arise. Pore rhombs arc present over all of the 
test. 

Evolution progressed from Eehinosphaentesh y decrease in the number of 
plates, development of a stem, improvement in the cyclical arrangement of 
plates, increase in number of arms, and restriction of pore rhombs to aboral 
portions of the test. Caryocrinttes, a Silurian Genus, is a classical example 
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of the advanced stage of development (Figs. 14.5,6, 14,7.1)4 It has only four 
cycles of plates; although* like many cestoids, it has four plates in the 
lowest cycle* St has six plates in the next two tiers instead of the usual five. 
Brachiolcs spring up around the oral end of the test at the end of food 
grooves without regard to symmetrical distribution of large called plates 
(such as occur in trinoids wherein arms coincide in position with radial 
plates), 

Cystoids with pcctmirhombs constitute a very diverse group in which two 
main lines of evolution may be seen. Pectinirhombs decrease in number* and 
die primitively pcntameral food-gathering system is modified by suppression 
of grooves or hrachinles. 

Possibly the most primitive representative of the Rhombiferida is Eacystitc?* 
from the Early Cambrian, Its pores seem to have been located in the suture 
lines between hexagonal plates instead of in the plates proper (Fig. 14,5.4). 

The most common American Genus is the Late Silurian and Early De¬ 
vonian SpAaerocystites. It is a spherical stemmed, rhnmbifcran with 3 
pectin irhombs* 4 ambulacra, and only 18 calyx plates (Fig, 147.5). 

APPENDIX TO THE CYSTOIDEA 

Several Genera of echinoderms depart significantly from other cchino- 
derms in one or another respect* although they retain a more or less cystoi- 
dean aspect. Paleontologists have vacillated about assigning these problematic 
Genera to the Cystoidea, Crinotdca T or to one or more new Classes of 
Pclmatozoa. Perhaps* as many paleontologists currently believe* some of 
these rare forms are so aberrant that new Classes are warranted* but some of 
the more interesting Genera are retained among the Cystoidca in this book 
for purposes of simplification. 

Pkuracysikrs is a peculiar Genus from the Ordovician of Canada, One 
side of the flattened calyx contains a few large places and three pectini- 
rhombs, so it has been referred by some specialists to the Rhombiferida. The 
other side of the calyx, hewever, consists of a swarm of small plates dis¬ 
tributed without apparent symmetry (Fig. 14.8.2). Two brachiolcs with 
biserial arms are present* and the calyx is supported upon a short stem. The 
mouth is a slit between the brachiolcs. 

Another rarely encountered Genus of doubtful assignment is Comoro- 
cystitis from the Middle Ordovician of Canada (Fig. 14.8,4). It is char¬ 
acterized by irregularly arranged large plates like a primitive cysioid, but 
the pores only pass part way through the plates. Arms are umscrial as in 
primitive crinoids* but the periproct is rather cystoidean in appearance. A 
stem is present, 

EnopUtira (Fig. f-trS.js) is a most perplexing organism which may belong 
with the Cystoidca. Its calyx U flattened and presents two diflercni patterns 
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of platen on the two sides, somewhat as in the ease of FlatrocystiteS * Two 
short arms remind one of brads Soles of cystoids, also* but die ire is no apparent 
pore pattern of any kind. The probable posterior end of the animal termi¬ 
nates in a stem or stalk* but it docs not closely resemble the stems of echino- 
derms. Enopleura is principally noteworthy, however, because the distribu- 
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tion of ossicles on the calyx is strikingly similar to the pattern of scutes on 
the plastrons of some very primitive vertebrates. Inasmuch as some embryuk 
□gists have suggested that the echinoderms might have been involved in 
the ascendancy of the vertebrates* Enoplcura may some day be recognized 
as being pertinent to the evolution of the Chordata* 

One of the most anomalous organisms in the Animal Kingdom is Den- 
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drotystius, from the Ordovician of eastern Europe and Canada (Fig. 14.8,1), 
It is a flattened sac of irregular calcareous plates Irom which a stem projects 
at one end and a single arm like structure with several plates in each tier 
arbes from the other. No pores are present. A star-shaped perlproct such 
as occurs in cystoids is located near the stem end (an uncystoidcan arrange¬ 
ment, incidentally) but no distinct mouth* hydropore., or gonopore has been 
discovered! One wonders how these grotesquely Gothic animals existed ac 
all rather than why they became extinct. The single arm may have served in 
some unknown fashion for feeding and possibly for other functions. 

GEOLOGIC SIGNIFICANCE- The oldest cystoids probably are Eocys - 
jirer from the Early Cambrian of western North America. Members of the 
Genus usually occur as isolated, radially sculptured plates. Eocyslitti is pos¬ 
sibly a rhombiferan cystoid, The last surviving cystoid was also a rhombif¬ 
eran* Strobileystitrs. from the Late Devonian of Iowa. The Diploporida 
range from Medial Ordovician (Aristacymtes) to Early Devonian (Carpo- 
cyjttUf m Europe). Niagaran (Middle Silurian) strata in central and eastern 
North America have produced many diplopontan species. 

Among rhombiferan cystoids, Echinosphutrites is locally abundant in 
Middle Ordovician strata in the Appalachians. Caryocrirntts is a widespread 
Ordovician and Silurian Genus of cystoids which is known in Europe as 
well as in Niagaran (Middle Silurian) strata near Chicago and the Niagara 
Gorge of New York. Sphaeracymtts is locally so abundant that 5000 speci¬ 
mens were collected from a single quarry in Upper Silurian strata in 
Maryland. 

In spite of any inference to the contrary in the above remarks* cystoids 
are normally very rare fossils. Their local abundance presumably is due to 
their gregarious nature. They must have grown in localized “gardens" just 
as crinoids do even to this day. 

Columns! plates from stems of cystoids arc apparently identical in size 
and shape with columns! plates of some crinoids and blastoids, so cystoids 
may be represented by columnals more commonly than has been realized. 

Class C* Blastaidea 

Blastoids are stem-bearing echinodernu in which pentameral symmetry 
reached a high state of perfection and calyx plates are reduced to about the 
minimum number for any cchinoderms. Blastoids lived from the Ordo¬ 
vician to the Permian but their Mississippian flare was as spectacular as their 
representation at other times was meager. 

A typical blasioid had a globular to pentagonal calyx about an inch or 
less in diameter which was supported upon a root-bearing stem. Columnal 
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pistes seemingly cannot be differentEdted from other pflmato^oan stem 
plates; hence many "crinoid plates' 1 reported in Paleozoic faunas are proba¬ 
bly btasioid plates. Numerous slender brachioles arose from five bng am¬ 
bulacra! areas and resembled bristles in a shaving brush- Fossilized blastoids 
almost always ate devoid of stems and brachioles. Their denuded calyces are 
important components of strata in many places in the eastern United States. 
They are less commonly known in Europe, southeastern Asia, and Australia. 

Blastoid calyces consist of three cycles of plates, of which the lowest eye c 
contains only three basal plates (abbreviated BB) but the other two tiers 
contain five plates each. If viewed from below as in Figure j4.r2.frb, t c 
basal plates produce a pentamersl figure divided by three sutures so that 
two of the resulting plates have the same shape and the smaller one is 
differently shaped. Presumably the ancestral form had five basals, hut no 
blastoids have been found with that number. In the commonest blastoids 
the base of the calyx is convex or pointed and the scar (cicatrix) where the 
stem was attached to the basals is dearly visible^ but in a few Genera of 
blastoids the basals are depressed and the stem is attached within a recess. 
Stems seem to have been lacking in only a few blastoids. 

The next higher cycle of plates above the basals consists of large p ates 
which are deeply slotted from their upper ends to form two-tined, forked, 
or horseshoe-shaped plates called radial plates (RR). Finalty, the tips of the 
radials arc truncated laterally and the resulting space is occupied by tri¬ 
angular or elongate deltoid plates. Within any Genus, differences in propor¬ 
tion of the plates, particularly in length of deltoids and depth of the slot in 
the radials, arc used for recognizing different species. Some importance is 
also attached to Lhc lateral profile of the calyx when making specific dif¬ 
ferentiation, , 

In addition to the 13 prominent plates comprising the calyces of most 
blastoids, numerous small plates fill in the ambulacra of the g forked radia 
plates and surround the mouth. Almost no attention needs to be given to 
the ambulacra in cursory examination because details of size and shape arc 
sufficient for most identifications, but a little extra study of ambulacra reveals 
how diverse and paradoxical the blastoids are. Most, if not all, of an am¬ 
bulacrum is occupied by a single lancet plate, which may He above an under- 
lancet plate (Fig. 14 - 9 - 0 - The lancet plate is covered by a double row of 
tiny side plates (Fig. 14-9*1* 0 and cven ’ rartl * ftank mg outer tide plates- 
All of these exposed plates are flush with the ambulacral surface, but are 
crossed by a median, longitudinal, zigzag groove sharply incised into the 
lancet plate. Lateral grooves cross most of the width of the side plates before 
continuing up the inner faces of the numerous brachiotes. In view of the 
identical situation observable in arms of living crinoids, it is apparent that 
the grooves of blastoids were ciliated food grooves in life. Moreover, excep- 


600 


INVERTEBRATE PALEONTOLOGY 


t ion ally well-preserved specimens retain tiny plates which roofed over the 
food grooves on the brachiolcs and on the ambulacra in the same way That 
arms of Recent crinoids are constructed. The whole food-gathering system 
led to the summit of the calyx where a star-shaped plate was perforated by 
the mouth opening. 

Ambulacra of some Genera also seem to have borne openings of die water 
vascular system as pores along both margins of each ambulacrum. These 
pores lay in a linear scries in two narrow, elongate hydrospire plates, one on 
each side of the lancet plate, [f the side plates extended over the hydrospire 
plates, a notch in the margin of each side plate was superimposed over the 
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underlying water pore and provided communication of the water %>ascubr 
system with the surrounding sea water. Inner ends of each row of pores 
opened into a tiydrospire (Fig. 14,9.1) which was a thin calcified membra nee 
pleated into several folds extending lengthwise beneath a margin of each 
ambuberurm Each ambulacrum served two hydrospires. In addition to 
opening through the water pores, the hydrospires communicated externally 
through large porelike spiracles around the mouth. 

In imspecializcd Genera such as CryptohlasUis (Fig. 1440.3)* each of the 
ten hydrospircs opened through its own spiracle at the summit, but in more 
advanced Genera pairs of spiracles from adjacent ambulacra were located 
closer and closer together until they first merged into five partially divided 
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openings and ultimately were represented by five simple round pores* each 
of which served two hydrospires, as in Qrhitrrmitef (Fig* 14.104)^ Spiracles 
either coalesced over the tops of intervening deltoids, or the deltoid plates 
themselves were each perforated cither by two spiracles or eventually by 
one spiracle* The exceptionally large posterior spiracle is divided by inner 
partitions and contains three instead of two orifices. 

Considerable difference of opinion has existed as to the function of the 
various openings in blastoids. Although everyone seems to agree that the 
mouth is properly identified., the third opening in the large posterior spiracle 
has been variously called the anus and the genital pore. Even more confusion 
exists with regard to the hydrospires. They seem indubitably to pertain to 
the water vascular system, but the direction of circulation of water is not 
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tnosvn. Water pores along the margins of the ambulacra have been said in 
be incurrent, whereas spiracles have been thought of as excurrcnt* but many 
well-preserved blastoids reveal no trace of water pores. In those cases the 
spiracles have been assumed to contain cilia which beat in opposite directions 
and thus served to circulate water in both directions. The calcified hydro- 
spires themselves were probably rigid, so circulation created by bellows ac- 
lion is not likely. Indeed, hydrospires have not been found in all blastoids, 
even though they are peculiarly blastoidean features. According to majority 
opinion, hydrospires and spiracles served a double function of respiration 
and reproduction. Whatever they were, it seems probable that they would 
not create an excurrent stream of water so strong as to wash away food 
particles settling onto the tips of the brachioles, It is also likely that circula¬ 
tion of water through spiracles was the same in blastoids with water pores 
as in those without water pores^ therefore, it is not probable that water 
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pores" were open to the outside but that they must have communicated 
with tube feet or some other fleshy organs inherited from cystoids and 
operated by the water vascular system. Then, although ihe hypothetical 
organs disappeared in ihe course of blastoideau evolution, the spiracles con¬ 
tinued 10 operate as before. Surely this "paradox of the blastoids” will yield 
to future research. 

EVOLUTION OF BLASTOIDS. AsUrobhutus is an Ordovician 
echinoderm from Russia which seems to be only slightly more advanced 
than ProteroMastui— indeed, Astcrobhstm may also be a cystoid because 
diplopores are present on □ single terminal plate at the oral end of each 
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interambulacraL ray (Fig. X+m). Its calyx contains numerous irregularly 
arranged plates. Ambulacra! areas, however, are blastoidean in construction, 
with side plates, brachioles, and pinnate food grooves. 

Bhstoidoctinus* from the Middle Ordovician of New York T California, 
and Russia* is perhaps the most primitive undoubted blasmid (Fig. 14,11.1)- 
It has So or 90 plates in the dorsal region of the calyx but the ora] half con¬ 
sists mostly of triangular deltoid plates so large that they have been mistaken 
for teeth of sharks. Margins of each ambulacra I area arc lined by as many 
as 50 slender brachiolcs which are kept apart by a series of wing plates 
which extend lengthwise down the mid line of each ambulacra! area. Hydro¬ 
spires open through elongate slits in the base of each deltoid plate. 

In addition to the foregoing primitive blastoids, the remaining more 
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orthodox blasioids can be divided into two groups on the basis of presence 
or absence of hydrospires. Those without hydrespires occur very rarely m 
Ordovician and Silurian strata of North America and Europe. Stephana* 
crimis is the best-known example. Possibly this group should not be classed 
as blastokls. 

Practically all blastoids belong in the remaining group which is charac- 



PenFrvmffH 


Figvrv 14.13. ftioitgirfi. . jjt 

1. Coded.' pywurnfatw, 3X O.v.nion, fentudir. Ohio. N«w York, ? Om phetrtout (*«»" 
tormil, 1)C Mi»mippi»H, midcenlin.nf. 3- N«l»fl«ri»W w.rnouili, J'JX, P**onjon, mideonl.n.nf. 
4. Yrooif«cri.wi r.in*«'d(i. I 12*. &<urion. Tmmhm, «.A>«<kjr. S. C^pJoWorful nr»ro, 2*. 
MHwuIpplon, midcon'in.nl. 6a. <Jb, 6c. Amtartor. opica), and bowl vi*w» of 
iwfeafut IX MhMiiuppia". pnidEDn^iwnf nnd Alabama. 7r P»n^r«mrr*i taneidii#i H 3X. Wiiuiiip- 
pioo, midconiin.nl end Montana. 8, P.nl'.ndf.. Sjadonj, IX Mhiiuippidn. wid.iproad in Uni ltd 
8, NflfrMUf* pytifermit, 1*. Milliiwppicm, midcontinont. 10. Pcnlcmmitml n*9«MUI. 1*, 

Uw.r P|.ni)(lra«!«n, *rkon»l ... .... . .... _ 

0 ofl.r feharidff* and Corp.ni.r. 1084. 3 nhor Ma*V and Worth**, 1873. 3 olior 

Spring*', i«6. 4 off*r Wood, IW, 9 oltnr Clin., 1837. 4-8 olt»r Galloway and Kaika, 
1957. 10 oftor Hartbodi, 1903.) 







604 


INVERTEBRATE PALEONTOLOGY 


tended by the presence of 13 calico! plates, hydrospircs, and 5 equal am¬ 
bulacra! areas. Within this category one can recognize three different 
fundamental shapes, which, however, probably do not represent consistent 
genetic groups. 

Truncate Blastoids* The truncate oral surface of these blastoids bears 
short and proportionately wide ambulacral areas. The aboral region may be 
notably elongate* as in Troastoerinuf (Fig, 14,12.4)* as a result of upward 
extension of basals, of descent of radial*, or of a combination of the two 
trends. Cadaster, which ranges from Silurian to Mississippian, characterizes 
the shape of truncate blastoids (Fig. 14.12.1), but Cod&ster is a primitive form 
without spiracles and without hydrospircs in the posterior inter ray (Fig. 

14.10.1) . Oraphacrinus is a common truncate Mississippi an Genus (Fig. 

14.12.2) . Long slits alongside each ambulacrum function as both hydrospircs 
and spiracles (Fig. 14.10.2). 

Fentremitid Blast®id*. Pentremites, from Mississippian and Pennsylvanian 
strata, is not only the characteristic Genus of this group but represents the 
standard concept of a bhstoid (Fig. 14,12,6-10). Pentremites contains by far 
the most species and individuals of all the blastoids. In Pcntrerrtite? ten 
spiracles have fused into five and one of these not only contains openings 
for two hydmspires, as the other spiracles do, but it also contains the sup¬ 
posed anal opening. Each hydrospire may be folded into as many as nine 
plates. 

Melon! ike Blastoids. All of these blastoids are barrel-shaped with long* 
narrow, ambulacral areas and usually with an indented aboral area where 
the stem is fastened. The raised ambulacral areas, combined with either 
grooving or narrow ridges in intcrambulacra] areas, lend a decidedly melon¬ 
like ribbing to the calyces* Nudeocrinuf is a Devonian Genus with large 
deltoids and ten spiracles (Fig. 14-12.3). Qrbitremrte& is a common Early 
Mississippian Genus with only five spiracles (Fig, 14,104) „ whereas Crypto- 
bl&stuSt of about the same age, has five pairs of spiracles (Fig. 14.10.3^ 
14.12.5). 

GEOLOGIC DISTRIBUTION. Blastoids range from Medial Ordovi¬ 
cian (Chazy) to Permian, but were common only during the Late Paleozoic. 
Their local abundance in the Devonian Period is attributable to truncate and 
mebnlike forms. Then the blastoids attained explosive abundance and di¬ 
versity in the Mississippian when all three shapes were represented. Melon¬ 
like blastoids reached the acme of their development in Early Mississippian 
seas of the mid western United States. By Laic Mississippian time the melon- 
like forms became rare and the peniremitid shape became dominant. Pen- 
tremites seems to have been peculiarly North American in distribution* 
Upper Mississippian strata in the mid western and Appalachian regions 
abound with species of Pentre mites r but species of PentremMi are only 
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rarely encountered in the western states. At the end of the Mississippian 
Period, Pentremites and the few other Genera of blastoids almost became 
extinct. Fcntrcmiies persisted as a relict fauna in an isolated harbor of refuge 
in northwestern Arkansas and northeastern Oklahoma on the northern shore 
of the Ouachita geosynelinc. There Fentremites persisted into Early Penn¬ 
sylvanian (Morrow) time and is even abundant locally, as at Acorn Cut 
south of Fayetteville, Arkansas, Perhaps, needless to say, the acorns in 
Acorn Cut comprise a species of Prntrensis^s (Fig, 14.12.10), which some 
residents also refer to as fossil hickory nuts. But Pentrtmites was also driven 
from this refuge, for uplift of the region during the Ouachita Disturbance 
caused the retreat of the Morrow seas and consequent migration of blastoids 
to unknown refuges. Almost no blastoids are reported from Pennsylvanian 
and Permian strata anywhere, until the Class experienced one last spectacular 
burst of diversity in the Late Permian of the East Indies ( I imor) > Australia, 
and Russia. Among the 16 Genera so far reported from the island of Timor* 
several are characterized by the presence of unusual keels, knobs, and pro¬ 
tuberances. Then, after their last expansion, the entire Class died out, no 
blastoid having survived beyond die Permian Period* 

Class D. Crinoidea 

Crinoids were among the first fossils ever noticed by mankind and they 
seem continually to have excited the imagination of observant people down 
through the years. Thdr star-shaped or dlscoidal stem plates occur in rocks 
of many ages, so it is no wonder that the bl star-stones hP or astcrias, as they 
were called in ancient times* have been collected alike by medieval meta¬ 
physicists and by twentieth-century picnickers* In days of unashamed 
mysticism it was thought that star-stones were dreadful bodies which origi¬ 
nated by force of starlight or as natural ai ferments in she earth- Nowadays 
it is widely believed by youngsters in the Midwest that the perforated stem 
plates are Indian beads. Nor does the appeal of crinoids seem to be less 
when students learn about the systematic position of crinoids and about the 
vast gardens of crinoids which flourished on Paleozoic sea floors. 

After having been known as fossils for almost 2000 years, crinoids were 
recognized in 1592 as the living "feather stars” and were separated in 
sysicmatics from the true starfish. Since that time oceanographers have dis¬ 
covered crinoids so abundantly in Recent marine gardens that the ship “Fish 
Hawk* 1 was able to dredge more than 10,000 specimens of Antedon from 
876 feet of water in a single haul of! Martha's Vineyard* Massachusetts, in 
18S1 (Verrill. and tons of specimens were piled on the deck of the 

"Albatross" several times on its scientific cruise In 1906 (A- H. Clark, 1915),. 

Recent crinoids live from near the low tide level down Into abyssal depths, 
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bus most of them live in water so deep as to make it unlikely that their 
bodies can be washed ashore. The most abundant shallow-water crinoids in 
Recent seas occur oU southeast Asia. Contrariwise, most crinoids are in¬ 
habitants of deep water in American and European seas, IE it were not for 
local occurrences of free-living crinoids such as Antcdan in the Bay of 
Naples, occidental laymen generally would know nothing of the existence of 
this important Class of echinoderms, 

MORPHOLOGY, Bodies of most crinoids consist of three parts: the 
stem, the calyx, and the arms, but a few lack the stem at some time in their 
lives, or never have a stem, 

Stems and Roots* Stems consist of a linear series of dbcoidal plates 
(columnals) which are mostly circular or ovate in plan view, but sometimes 
are pentagonal. A central canal passes lengthwise down the stem, so each 
columnal bears an axial perforation, the lumen, which varies in. outline from 
circular to pentagonal, or even to being elaborately lobed as in a cinquefoiL 
Inasmuch as columnals arc of mesodermal origin, they are not only covered 
in life by flesh on their periphery, but a thin fleshy layer between adjacent 
plates allows flexibility of the stem. Articular surfaces of stems, therefore, 
bear radiating ridges (trendhe) which interlock like teeth on gears to hold 
adjacent plates in articulation. Peripheral surfaces of columnals commonly 
bear circular scars* each of which marks the site of attachment of a slender, 
movable, fingerlike or branched ptong T the cirrus* In stemless forms the cirri 
ore located in clusters around the base of the calyx and clutch the substratum 
on which the crinoid rests. Most columnal plates are less than i centimeter 
in diameter and are about a or 3 millimeters thick, but some are as large as 
3 centimeters in diameter. One incomplete stem was traced along a quarry 
floor in Indiana for 70 fect T but it is likely that a stem g feet long is a reason¬ 
ably long one. 

Columnals are almost the despair of field geologists because they are wide¬ 
spread, yet are of almost no practical value. Indeed, crinoid columnals prob¬ 
ably are not distinct from columnals of cystoids and blast aids, On the other 
hand, there arc a few characteristic columnals, such as the elliptical or square 
plates of Pliityerinitej with a strong lengthwise ridge on the articular surface 
and a tendency to form stems twisted like a strand of rope. In addition, the 
so-called pentacrinid stem plates of the Mesozoic are characterized by chev¬ 
ron-shaped groups of crencllae on the points of the star-shaped plates. 

Stems are terminated at their lower ends in a variety of ways. Probably 
the most common method is for that end to bear a branching system of 
roots which resembles roots of plants so much as to lend credence to the 
former assignment of crinoids to the Vegetable Kingdom (Fig. 14.13,1). 
Other crinoids, however, such as Mydodactyius, coiled up the end of the 
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stem like a watch spring or a snake and may have relied for attachment 
upon entangling some support in the loops of the stem, Scyphocrinites had 
a bulbous float as large as an apple (Fig, 14.13.3), w kich was partitioned 
into compartments in accord with principles of good marine engineering 
so as seemingly to insure against sinking if the hull were punctured. The 
end of the stem of Ancyrocrinus was enlarged into a heavy spinose grapple 
(Fig. 14.13.2). 

New stem plates originate just beneath the calyx in erinoids with homo¬ 
geneously shaped cofumnaLs, but in stems with alternating large and small 
columnals, the small plates are introduced between previously established 
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large ones; moreover* more than one cycle of secondary insertions of small 
plates may take place. 

From an evolutionary point of view* the most primitive columnals con¬ 
sist of a spiral ring of separate wedges, each ossicle of which abuts against its 
neighbors along sutures. In the course of time the oblique rows of segments 
became aligned in horizontal rows and more firmly united until the sutures 
vanished and the commonly encountered, monolithic, ring like construction 
of column?! plates was attained. 

Arms. The efficiency of the food-gathering mechanism of erinoids was 
improved over that of the cystoids as the arms extended farther from the 
mouth and lateral branches were added to the main strand (ramus) of the 
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arms, Crinoids sway on their stalks or swim about by graceful grasping 
motions of the flexible arms. In doing so they also obtain their microscopic 
food particles, which enter a groove on one side of the arm and are washed 
toward the mouth by cilia. The grove is roofed over by tiny cover plates 
which can be raised to admit the food particles (Fig. 14444k. 7a)* 

Details of construction of arms and of branching of arms are valuable m 
classifying crinoids. Of the three general kinds of arms which are recognized, 
the simplest are the atypical unbranched arms. Two typical complex kinds 
are distinguished according to whether the arms branch symmetrically or 
asymmetrically. In symmetrically branched (isotomons) arms (Fig- 14.14.3b)* 
the ramus of the arm divides dichotomously (that is t into two equal strands)> 
each of which may in turn divide dichotomously. Asymmetrically branched 
(heterotomous) arms, on the other hand* divide dichotomously just as 
isotomous arms do, but one strand of each branch is reduced in importance 
(Fig. 14.T4.3c), Subsidiary armlets such as this are called ramules* In this 
way hetcrotomous branching may progress by suppression of alternate side 
branches or by suppression of all of the branches on one side of the ramus. 
If ramules are so closely packed on either or both sides of a ramus that they 
resemble the lateral vanes on a feather* they arc called pinnules (Fig. 1444.2). 
Evolutionary significance is attached to the foregoing states of arm construc¬ 
tion because they almost certainly constitute a progressive sequence starting 
with unbranched arms and passing through isotomous into hetcrotomous 
arms before culminating in pinnulate arms. Moreover, the dichotomy first 
starts in the outer reaches of an arm and then occurs closer and closer to 
the base. Dichotomy is thought to have evolutionary significance because its 
progress b not only borne out by stratigraphic distribution of fossil crinpids 
but by its occurrence as ontogenetic series in individuals (Fig. 14.14.3), 

Actual dichotomy occurs at special plates called axiMaries which have a flat 
base, two vertical sides, and two sloping upper sides analogous to the pitch 
of a roof. Lower portions of arms customarily consist of two square plates 
(brachids) surmounted by an axillary plate. Each new branch above an 
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axillary consists of two square brachiak and an axillary, which marks the 
division into two new branches again* and so forth. The three plates in the 
first order described above are attached to a radial plate in the calyx and 
arc called primibrachlals; the three second-order plates are secundibrachiah; 
and plates of successive orders are tenibrachials, qiiadribrucliials,, and other 
appropriately devised names. There will be occasion to refer back to patterns 
□f arm plates again when the construction of the calyx is discussed and when 
the system of classification is considered. 

Plates of some arms are uni sen ally arranged,, whereas other arm plates 
are biserially arranged. Moreover, simple arms are consistently uniserial but 
pinnuhte arms are commonly bi serial. Paleontologists are confident that the 
uniserial arrangement is ancestral so the biserial arrangement. Moreover, 
even though portions of a crinoid arm may be b[serial, the bases are invari¬ 
ably uni serial This latter feature provides a good way to differentiate bo 
tween crinoids and cystoids when arms are present, because cystoid arm 
plates arc always bi sc rial at their bases. 

Ihe partial biscriat condition of crinoid arms is thought to have arisen 
according to.a plan shown in Figure 1444,3. In the simplest condition the 
brachial plates are more or less quadrate throughout the length of the arms 
(Fig. 14-J4.1), The first modification in shape of brachial plates appears at 
the tips of the arms where wedge-shaped or cuneate plates arise (Fig. 
14.14,34), although the arm remains u arise rial Brachial s in the lower por¬ 
tions of the same arm remain quadrate* however. As the cuneate condition 
progresses, the plates near the tips of the arms change from trapezoidal to 
triangular and thereby arise at the boundary between uniserial and biserial 
arrangement {Fig, 1444.3b). At this stage plates at the tip are triangular, 
plates near the base are quadrate* and plates in the middle arc trapezoidal. 
Continued crowding downward of plates at the tips of arms eventually re¬ 
sults in a truly biserial arrangement along some or most of an arm, although 
basal portions always remain unlserial and the intermediate stages may not 
occupy much of the arm {Fig. 1444,3c), The sequence just described and 
illustrated Is an ontogenetic series. Moreover, similar changes are known to 
correspond with stratigraphic succession in various strains of crinoids; hence, 
details in construction of arms are accorded considerable significance in 
identifying crinoid species and m unraveling their evolutionary history. 

The change from imiserial to biserial arms was advantageous to any 
crinoid because it increased the flexibility as well as the strength of arms. In 
the case of pinnulate arms, it also hrought the pinnules closer together by 
eliminating intervening portions of brachial plates and thereby increased the 
food-gathering efficiency of the arms. 

Perhaps the most effective food-gathering device known among crinoids 
is the net of Crotdocrimtes (Fig. 1444.4) which developed when the tips of 
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the pinnules of one mm us fused with the lips of the pinnules of an adjacent 
ramus* On the other hand, it seems incredible that Petatocrmuf could have 
survived when its arm plates were largely fused into five solid masses like 
petals of a Rower (Fig* 14.14.5). It is thought that the arms of Petalticnntis 
and the distally expanded arms of Eretmocrinfis (Fig. 14.14-6) served as 
paddles or as swim fins. 

Calyx. That part of a crlnoid which contains the viscera h the cdyx. 
It is attached by Sts dorsal side to the stem and the arms project vcntrally. !t 
is convenient to differentiate between the pardon of the calyx below the arms 
(ihe dorsal cup or just "the cup") and the ventral domelike roof (the 
legmen)* Calyces fundamentally are sacs composed of polygonal plates em¬ 
bedded in soft tissue. If sutures between plates are smooth the calyx is rigid, 
whereas plates of flexible calyces articulate one with another on ridged and 
grooved sutural surfaces. 

Primitive calyces mostly are globular or sleep-sided, whereas bases of spe¬ 
cialized crinoids are flat or even concave and the stem is inserted within a 
distinct depression. This evolutionary trend for development of a basal con¬ 
cavity is known among many genetically different strains of crinoids, some of 
which lived at different limes. 

Dorsal cups, irrespective of their shapes, arc constructed according to one 
or the other of two somewhat different plans. In both cases each arm is at¬ 
tached to a facet on one plate in a ring of five large plates. These plates oc¬ 
cupy the ambulacra! rays and are accordingly the radial plates. Beneath the 
radials in both groups there is a circlet of five basal plates which alternate 
in position with the radials and therefore occupy intcrambulacral rays. In 
one group, however, there arc two circlets beneath the radials; the upper 
circlet contains five basal plates as in the first group! hut the lower circlet 
contains three to five iufrabasal plates. Infrabasals alternate in position with 
basals but naturally line up with radial plates and the arms. Crinoids with 
infrabasals obviously have two rows of plates beneath the radials, so they 
are dkyclic crinoids, whereas the other crinoids with one row of plates be¬ 
neath the radials are monocyclic erjno-ids. The difference between mono- 
cyclic and dicyclic plans is universally accepted as one of the fundamental 
distinctions between crinoids of otherwise smiliar appearance. 

In spite of the acknowledged importance of distinguishing monocyclic 
from dicyclk crinoids, there is still no clear-cut evidence as to which group 
is ancestral to the other. The number of bass Is in a few monocyclic crinoids 
is reduced from five to three, and the number of infrabasals in many dicydic 
crinoids is reduced from five to three or even two- If there is evolutionary 
significance in the tendency toward reduction in number of plates, then 
dicydic crinoids might have given rise to monocyclic forms by elimination 
of the infrabasal cycle. The possibility has not been proved by palcontologic 
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evidence, however, and both structural plans are represented in about equally 
ancient rocks. 

A second major distinction separates crinaids in which the arms arc en¬ 
tirely free from the calyx above their articulation with the radiaU, from 
crinoids in which the calyx grows up ventrally and incorporates some bra¬ 
chial plates within the dtp. Calyces of the former kind characterize inadunate 
crinoids (that is> “hoc united 1 ' arms), whereas calyces of the latter kind are 
present among adunate crlnoids (‘‘united 1 ' arms). Evolutionary progression 
in this case dearly goes from inadunate to adunate forms* 

In some adunate crinoids only the primibrachhls are incorporated within 
the calyx* whereas in other ad unate crinoids arm plates up in the secundi- 
brachial or tertibrachiaj series may be involved. Further modification of 
calyces is necessary in adunate crinoids because the space formerly present be¬ 
tween adjacent free arms must be filled with special interbmchial plates. 
Moreover, the spaces between adjacent secundibrachials or tertibrachials then 
becomes occupied by intcrsecundibrachials or intertertibrachial*. In general, 
presence of space Fitiers such as interbrachials signifies a primitive condition. 
The evolutionary principle of modification by reduction in number of plates 
operates with regard to calyces; hence* calyces of advanced type may show 
progressive simplification of construction# It is not unusual F therefore, for arm 
plates of adunate crinoids to be wide or laterally in contact with each other. 
Of course, few accessory plates arc present between or within arms in those 
cases. 

Many crinoids have what seems to be a large extra plate in the radial cycle, 
hut no arm is attached to this plate. Or a series of two or more plates occupies 
the same interradiaI position as the single extra plate just mentioned. In both 
cases the modifications are coordinated with the position of the anal opening; 
hence, the large single plate or large lowermost plate of a series of plates is 
referred to as the anal phte# It defines the position of the posterior interradius# 
In association with the anal plate there is commonly a mdianal phte in the 
interradial position just above and to the right of the anal (a position which 
is also close below and to the left of the right posterior radial plate). Names 
are also assigned by specialists to higher plates in the anal series# 

Much attention is given to the anal series because the exact position and 
number of plates in the anal system are of great taxonomic value and evolu¬ 
tionary significance. In general, the size of plates in the anal series progres¬ 
sively diminishes, the number of plates decreases, and the several elements 
occupy successively higher positions until they are no longer contained within 
the dorsal cup. In view of the importance of the structure of the posterior in- 
terray, crinoids in which it is exposed are more readily identified than are 
those in which extensive cleaning of the posterior interray is required. 

Modifications of the ventral surface or tegmen are of considerable general 


ATTACHED ECHINOD6RMS 


613 


interest* but the tcgmenal plates are distributed with less order than arc the 
plates in the dorsal cup. Nevertheless, several fundamental evolutionary 
trends arc worth notings The simplest legmen consists merely of five large 
triangular plates, the orals, which occupy alternate positions with the radials 
(Fig. 14.15.1), Food grooves pass up the five sutures to the mouth which is 
located at the apes of the orals. As food-gathering mechanisms became in¬ 
creasingly complicated * numerous accessory plates were added to the periph¬ 
ery of the tegmen just above the dorsal cup and the orals clustered around 
the mouth and became relatively unimportant Ambulacra! plates which 
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roofed over the food grooves became incorporated within the surface of the 
legmen (Fig, 14.15,2), At about this stage the tendency for calyces to grow 
upward ventrally affected the food grooves and the grooves were engulfed 
in the calyces of many crinoids. In the most specialized condition the food 
grooves of some crinoids eventually were represented by internal tubes which 
seem to have sunk beneath the tegmens (Fig, 14,15-5). 

Lastly, the anal series, which had shown marked tendencies to shift up¬ 
ward ventrally, eventually became incorporated within the legmen. In fact* 
anal openings tended to be located at the tips of tubular processes in many 
Genera, Some anal tubes were short and inconspicuous but others were 
produced into elongate columns which dominated the entire legmen, reached 
above the tips of the arms, and in some cases were equipped with spines and 
other bizarrerie. Lower regions of the legmen were subject to singular aber- 
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rations, too h as represented by long phees, or cl lib-shaped processes, or just 
awesome spines j round which and among which the delicate arms may have 
huddled as though for protection, 

Speciafists in the study of crinoids have devised systems of abbreviations 
for the designation of ealical plates. According to the system most generally 
followed (revised by Moore and Laudun, 1941) each plate is given a short 
capitalized abbreviation* based upon letters common to the formal name o£ 
the plate. Thus* R stands for radial* PBr for primibrachia] and IB for in- 
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frahasal. Plural abbreviations arc formed by doubling the use of a significant 
letter in the same way that plural number or intensive* are indicated in some 
languages by repeating an element. Thus RR means radials, PBrRr means 
primibrachiak, and IBB means infrahasals. The plates described in the 
text, which are most necessary for intelligent reference to crinoid liter¬ 
ature, are illustrated in Figure 14.16, together with their common abbrevi¬ 
ations. 

It is a nuisance to illustrate crinoids from various angles in order to show 
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the distribution of all places; therefore it has become customary for special¬ 
ises to make expanded schematic representations of the calyces called radial 
diagnoses (Fig, r 4.23.6). The need for these was appreciated as early as 
1821 when J. S. Miller wrote the first major wort on the group and coined 
the name Crinoidea for them. In a radial diagnosis a crinoid is viewed from 
the dorsal (basal) aspect and plates are depicted as if they occupied positions 
along the several rays and interrays. All sorts of modifications of the method 
arc possible, chief of which is to show one ray and the posterior into tray 
with the plates in normal contiguous position. Some diagnoses depict plate 
distribution as if the calyx were unrolled by rotation on a vertical axis. More¬ 
over, various shading/haehu ring, and stippling facilitate comparison of 
one diagnosis with another. 

CLASSIFICATION* Classifications of crinoids down to Orders have 
been based upon the monocyclic or dieyelic character of the dorsal cup* die 
adunatc or inadimate character of the arms, the degree of flexibility of the 
calyx, and the nature of the anal series. None of these characters seems to 
be of paramount importance* but the assemblage of characters can be use to 
organize crinoids into systematic categories which seem on the basis of all 
features to comprise homogeneous evolutionary or natural groups- The fol¬ 
lowing key is restricted to Paleozoic crinoids because the Subclass Articulata 
is confined to post-Paleozoic rocks, in which crinoids are very rare. 


Key to SuactAssEs anu Opujehs op Paleozoic Cunoih 


L load unate crinoids .... 
r. Monocyclic 

3, EUcydit -- — 

II. Adunate crinoids 

A, Calyx flexible - 

1. Anal tube present 

2 . Anal tube absent 

B. Calyx rigid. 

1. Monocyclic. 

2. Dkytiic ...***■■ 


. Subclass Inadunata 
... Order Disparida 
. Order Cladida 

Subclass FSexibilia 
„ Order Taxocrinida 
Order Sagenocrinidi 
. Subclass Camerata 
Order Monobathrida 
Order Dipbbathrida 


Crinoids arc pclmatozoam whose calyces consist fundamentally of two or 
three cycles of plates on the dorsal side and of a ventral surface composed of 
many pUtes. Flexible branched arms with uniscrial bases arise from the 
calyx. Stems generally are present. 


SUBCLASS 1. INADUNATA 

The Subclass Inadunata consists of crinoids whose arm plates are not 
incorporated within the calyx. It is one of the oldest groups of crinoids, 
extending back to the Medial Ordovician (Chazy). Even at that time the 
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Subclass was represented by two Orders based upon the monocyclic or di- 
cyclic character of the calyces. 


Order a, Caspar Ida 

The Disparida comprise the monocyclic inadunate' ermoids, In addition 
to their single distinguishing character, they are noteworthy for the presence 
of some unusual feature which differentiates one ray from the other rays. 
For instance* one radial plate may be unusually largej or some radial plates 
may be divided into two plates by extra sutures as in Hapfocrimtrs (Fig. 
1 4 - 1 7 ; 3 ) i or one arm may differ in structure from the others as in Haly- 
tiocrirtus (Fig. 14.17,1); Hatytiocrinm is also noteworthy because the whole 
calyx is grossly asymmetrical. 
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Hybommu is a globose form from the Ordovician (Fig* 14.17*3), It is 
notable because of its asymmetry and very primitive unbranched arms. An¬ 
other strain of the Disparida is represented by Pisocrinus (Fig* 1447,6), 
Synbathocrinus* from the Devonian and Misshsippian. is typical of the 
numerous symmetrically constructed disparate crinoids (Fig. 14.17.5)- My - 
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cfodaciylus is unusual because its calyx is enclosed within a recurved loop 
of the stem and is flanked by two densely packed rows of cirri on the stem 
(Fig. 14,174). The Order became extinct in die Permian, 

Order b. Clad idea 

Cbd id a are dicydic in ad unate crinoids. They are simitar to the mono- 
cyclic inadunates in general appearance; hence, considerable attention to 
detail is required for their serious study. They show the classical evolutionary 
changes in shape of dorsa] cup from conical into discoida!, with accompany¬ 
ing depression of the base. Infrabasak are targe in primitive forms, but evolve 
into smaller and smaller plates which may be concealed beneath the stem; 
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or the five plates may be fused into three ptates. Arm structure is important 
and of some stratigraphic significance, for bi serial arms arc all post-Devonian 
in this Order. Moreover, number and strength of ridges on articular surfaces 
of plates are useful in separating Genera. An anal sac expanded above the 
tegmen is a characteristic feature, but it seems to have been too fragile to be 
preserved in any but the rarest eladids in post- Mississippi an sediments. This 
Order has the longest range of any of the Paleozoic crinoids—from Medial 
Ordovician (Chazy) into the Triassic. Moreover, eladids arc very important 
numerically, there being 234 Genera recognized in 1043. 

Porocrinut (Fig. 14.18.5) is one of the most unusual of all crinoids be¬ 
cause it retains pore rhombs reminiscent of the cystoids. It is therefore 
thought to be one of the most primitive crinoids. 

Of the numerous characteristic Genera of eladids, Cyathocnaites (Fig. 
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14.18.3) and Pctatocrinux (Fig- 1444.5) represent strains with meager de¬ 
velopment of the anal sac. if any. On the other hand, about three-fourths o£ 
all the dadids resemble Sprmgcrkrtnus (Fig' 14 , 18 . 8 ), ScytMocrittus (Fig. 
1*184), and Cupvhtrhms (Fig. 1448.7), all of which normally had well- 
developed anal sacs* 

Agassizocrintis (Fig. 14.18,4) is a common Late Mississippi an Genus in 
which all of the infrabasals arc fused into one hemispherical plate; but even 
these single bases can be used for correlation of strata. 

Late Paleozoic cladids such as Dflocnflus and its relatives (Fig, i* 1 ^) 
had strongly constructed dorsal cups but weakly built arms and anal sacs. 
Even so, dclocrinids are useful index fossils. Genera can be recognized on 
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the basis of profiles of the cups, amount of concavity of the bases of cups, 
and number and position of plates in the anal scries. In Figure i-ptQ, fi^e 
Genera are arranged in a morphologic scries to illustrate how the number of 
anal plates decreases from three to none and how the plates seem to occupy 
progressively higher positions up and out of the dorsal cups. 

The Order became extinct during the Triassic when Encrimts and its 
relatives expired. 

SUBCLASS 2. FLiXIBILlA 

Flexible crinoids arc appropriately named because they look flexible in 
spite of having prominent calical plates. They obviously were pliable enough 
to conform to the irregularities of the bottom on which they fell, without 
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dissociation of the calyx. In addition to being flexible, all Flcxibilia are 
characterized by having dkyclk calyces In which the infrabasal circlet con¬ 
sists of only three plates, or the infrabasal circlet is fused into one plate. Bases 
of the dorsal cup tend to become concave in advanced Genera. The arms 
are always uniserial and seem to be coarsely constructed because they lack 
pinnuleSi Calyces resemble little grasping fists because of the in-turned arms, 
Flcxibilia are adunate crinoids in which several of the brachials are incor¬ 
porated within the calyx without there being any surfidal constriction at 
the juncture of the top of the dorsal cup and the base of the primibraehialSr 

It seems conclusive that the Flcxibilia arose from the dicyclie inadunatc 
crinoids—the Cladida, that is. In fact, the oldest of the Flcxibilia* Prataxti- 
crinas, occurs in strata of Medial Ordovician age along with a potential 
cladid ancestor, Cnpulcmnui (Fig. 14.18.7), which seems to differ from 
Praiaxocrinas only in having five instead of three infrabasal plates. Major 
evolutionary trends subsequently involved the character of the anal series 
of plates. 

One problematic crinoidlikc animal, Edriocrinut, is usually placed with 
Flcsibilia, even though it seems to have a monocyclic calyx. Calical plates 
□f Edriocrinitf commonly arc obscure, but its brachial plates are quite like 
those of flexible crinoids (Fig. 14.20.3). Edriocrinus^ however, seems to have 
led an existence like that of a starfish, or at least it seems to have been un¬ 
attached and to have carried itself ventral side down. 

Order a. Tpxocrinlda 

The Order TaxocrinEda is composed of six Genera of flexible crinoids in 
which the anal series is developed into a tubular projection. There Is evi¬ 
dence that the lundamenta! number of prim 1 brachials may increase from two 
in Protoxocrituis (Ordovician to Devonian) to three in Taxocrinus (De¬ 
vonian and Mississippian) and even carry on this reversal of a normal 
crinoidal trend until as many as six prim [brachials are present (as in Qny- 
chocr intis from the Mississippian and Pennsylvanian) (Fig. 14.20.4-6), The 
Order ranges from Medial Ordovician to Pennsylvanian and underwent two 
small flares, one in the Silurian and one in the Mississippiam 

Order b. Sagenoerinido 

The Order Sagenocrinida contains 42 Genera of flexible crinoids in which 
there is no anal tube, but Instead the anal series is firmly united to the right 
posterior ray. Unfortunately, scarcity of Early Paleozoic material makes it 
difficult to ascertain the origin of the Order, but it probably arose from the 
Taxoerlnida rather than vice versa. 

Among the highly diversified members of the Order, SugcnocriniiM (Fig. 
is notable for the extensive development of mterbrarhial plates* 
whereas other Genera such as Ic&tAyocrinuf (Fig. 14,20.2) normally lack 
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interbrachiab. Important Harts of sagenotrinids look place during the Silu¬ 
rian and again during Late Paleozoic lime. 

SUBCLASS 3. CAMERATA 

Camerate erinoids art particularly characterized by the rigid articulation 
of plates in both the dorsal cup and tegmen, a feature which causes them to 
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b« referred to as JJ box crmolds."' In addition, the food grooves are buried 
below the surface of the legmen. Camera tes are mostly ad unate trinoids, 
bu| there is a persistent trend for simplification of the calyx and upward 
migration of plates so that in the most advanced forms such as Platycrmiftf 
the arms are free from the calyx. From their first appearance in mid-Or- 
do vie tan (Chazy) strata the Came rata are divisible into monocyclic and 
dicydic Orders. Most attention in classification is accorded variations in 
construction of the dorsal cup. Meager evidence such as similarity of in- 
tcrbracbi;.il plates and construction of the ventral surface Indicates a remote 
ancestral connection between the Inadunata and the Camerata. 

Order a. Diplobathrider 

Diplobathrlda are dicydic camerate crinoids whose infrabasals are invar¬ 
iably five in number. 

Retevcrmur, from the Cha^y* exemplifies die primitive condition of mem¬ 
bers of the Order because it has numerous small interradial plates between 
the true radial? {Fig. 14.11.1 ) T Gjlbertfocrinus (Devonian and Mississipppn) 
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rot only represents a more advanced stage in which the number of inter- 
ra ia p ates is reduced* but ihc calyx has become remarkably spinose and 
is equipped with a spectacular umbrdlallke anal apparatus (Fig. 34.21.3). At 
“33 Genera of DipInbjLhrida are known, most of which lived during 
the Silurian, although the Order extended into the Late Mississippi an. 

Order b, MonohathrSdo 

Monohathrids are monocyclic camera Ic crinoids. Of all the crinoids which 
geologists collect, these arc the most common. At least 95 Genera are cur- 
remly recognized, and these can be arranged in two groups, both of which 
became extinct immediately prior to the end of the Permian, 

C f 1 rs tbc f rflu P retain the normal number of five basal plates, 
and the anal plate almost always has migrated tip ahovc the radial circlet. 

yptocrinus ( ig. 14.12,1) is an early member of the group; it not only 
has imerbraehials but also intersecundibrachiak and intertertibraehials. 

ttca yptocrimtes ( ig. 1421.2) has long slender tegmenal plates which 
function as partitions 10 separate the arms. 

Members of the second group have only two or three basal plates in the cup. 

. ; S "know**, small, Mississippi, mo nohat h rid crinoid 

wnh two basak (Fig, 1422.10). Pteraiocrintif (Fig. 14^26, 7 ) also had two 
b ' but members of this Genus are principally noteworthy because of die 
presence of prominent tegmena] spines and club-shaped plates, Ptcrotocrinus 
plates arc even useful in correlating some strata in the Midwest. The remain- 
mg Genera discussed below have three basal plates, PbtycrinUc r is a com 
mon Miss.ssipp.an Genus in which stem plates arc twisted in a characteristic 
helicoid fashion and the calyx has become secondarily inadunate (Fig. 

° tbcr COmm ° n ^ ncra ™ Mcgimcriw. JWr,™,, Uptro- 
cnnuszn izygocrmtu ( ig. 14-22,3, 8, 9, n) typify the monocyclic cam- 

“ ** ^ V,n * s “™ b '* h ^ i" a hmlfe cl,, and bv bay™ a 

tendency for an anal mbc u> stand ™11 ato.a ,he l„d „[ lhc 4 ™ (Fig. 

14^.^ 9 / + ' 0 

SUBCLASS 4 . ARTlQiLAIA 

AmculaLa tbs simpk calycaa of inadunata, with rht pli- 

ahtar of .hr Ffca.h.I.a. Tha^ un«„al arm, am pinnnlarrr. which 

distinguishes .ham from rhe Float,La. Moreovet. aim™, all of tha Anirula,. 

ara ■”*dunn,ts. RtprmWt organ, „f artiaulara crinoids ara borne on pin- 
nuic3 located midway along the arms, f 

Calyces of articulate crinoids consist of mdials, basak, and either of in- 
frabasals or of some specialized structure such as fused infrabasals or of the 
uppermost stem plate fused with mfrahasaJs to form a centrodorsal pb.e 
(Fig. 14.25.5). In some forms the basils are much reduced in size and are 
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figure 14.23, ArtkuloF* Crlnoids. 
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tnnv*, 2 3XL CrfftacDioeiij Mississippi. 4. Sid* view of »h* caty* end the bfii*t ol »mt cm? 
□f Anttdun ip. f aba-uE 2 3X, E scent. Soisiv CifFr hQV| been ramovfld (ram llit cor^rradenol 
plote □ i:d fpur amn are no! jhown an the Far nd« of lb# eoljfK. 5, Side view of cnftlrDdftFial 
and radial plgltl ef IfrffltPefflfliro ip, P obogt 2X SrccrtlL A. Redial diPQnp-sii el Conran/Jius lp. p 
lJf, H«Eur. fjv & narrow fir it prlffiibnotKioli .IBrsi surround rhn te nlrad'&f*al! plate end four 
utriei of brachial plain are jJiewri. 

(1 aftei Springer, 3901. 2 alSur dark and Twj3chell H 1915. S efler Springer, 3911b. 4-6 
after Clark, 191Jj 

fused into a star-shaped (rosette) plate in which only the tips of the rays may 
be visible on the surface. The ventral surface is always a leathery cover which 
often is studded with plates. 

Two great groups of Articulata are recognized. The pentacrimd* arc 
typically stenvbearing forms whose star-shaped plates with stellate or petal- 
loid patterns of crenel lae are very commonly seen in some Mesozoic strata 
(Fig. 14.23a). The pefuacrinids may remain attached to their stems during 
their entire lives* or they may break away from the first stem and spend a 
period of freedivuig existence, after which they settle down and secrete a 
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second stem to which they remain permanently attached. Pentetrimtci is a 

common Mesozoic Genus. Living pentacrinids charaacristicaHy inhabit deep 
water, 

ComatuJids spend all but thdr larval life as free-swimming crtciaids. Their 
centrodorsal plate bears cirri with which they can hold on to the substratum 
(Fig, 14 . 23,4 ) + Antrdon, which is one of the most commonly studied Recent 
crinoids, is a typical comatulid. Its graceful swimming movements are charac¬ 
teristic of this group in which the name “feather stars” 50 aptly applies. 

One other stem [ess ennoid, Uiniacrinttj, has been found locally in great 
abundance in Upper Cretaceous sediments in Kansas and in Europe. It 
differs from other articulates in being distinctly adunatc (Fig. 14.2*1). 

Articulate ennoids are very rarely discovered as fossils on this continent 
but arc locally important in Europe. They range in age from Triassic to 
Recent. 


GEOLOGIC HISTORY. The crinoids that appeared suddenly in the 
early Medml Ordovician Period represented both the Inadunata and the 
Cameras (Fig. 14.24). Shortly thereafter the Flexibilia appeared, this being 
in Lite Medial Ordovician time. Crinoid (or cystoid) stem plaLes are rela¬ 
tively common throughout Paleozoic sediments, but good Ordovician collect¬ 
ing localities for calyces are not known in America aside from occasional 
strata near Cincinnati, Ohio, and in eastern New York. Crinoids arc common 
in the Silurian strata at Niagara Falls, Waldron, Indiana, and near Chicago, 
hut the most famous Silurian crinoids have been collected on the island of 
Gotland 10 the Baltic Sea, where they are contributor* to famous fossil 
bmstnomes. Crinoids are also well represented in the Silurian of Sweden. 
Devonian cruimds are locally common in several formations in New York 
State; in fact, the Becraft limestone was formerly called the "Encrinal lime¬ 
stone because of the large number of crinoids which had been discovered in 
its upper part. No doubt the best-preserved Devonian crinoids have come 
tram the black Bundcnbnch shale in Germany, 

The greatest evolutionary burst of crinoids, however, occurred in the Early 
and Medial Mississippi (Kinderhook and Osage Epochs); therefore the 
Mississippi has been called the Age of Crinoids. Actually, the great burst is 
primarily due to extraordinary development of the monocvdic cameras al 
though many d.cyebe madunates and some of the Flexibilia participate in 
this notable culmination of the crinoids. Then, at the end of the Osage Epoch 
the crinoids went into a disastrous dectine from which thev never recovered 
Upper Mississippi (Meramcc and Chester Series) strata may contain 
abundant crinoids, of which the dicyclk inadunates (Cladida) are the most 
important and valuable representatives. Cladids were also the only important 
group of Pennsylvanian crinoids. In fact the Cladida actually survived into 



Figufe 14 . 24 , DufrikufciOft af Mmoloiw. 
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ihc T riassic, whereas the Cameras and Flcxibiiia became extinct in the Late 
Permian, 

An additional peculiarity of the Laic Paleozoic ennaids was their singular 
abundance in the seas of North America. A few rich crlnoid faunas have 
been discovered in the British Isles and in western Europe, but nothing has 
been discovered elsewhere to match the spectacular Carboniferous crinoid 
faunas on this side of the Atlantic. No doubt the most famous crinoid locality 
of all was near Crawfordsvilte, Indiana, in Osage strata. The past tense is 
suitable for reference to the Crawfordsville locality because the main bioherm 
was quarried away and a quarter of a million crinoid calyces from there were 
eventually deposited in the U.S. National Museum. Rich assemblages of 
Mississippin crinoids have also been collected from the vicinity of Burling¬ 
ton and Lcgrand. Iowa, for about a century. The best Pennsylvanian ma¬ 
terial has come from strata of Missouri age at Kansas City, Missouri. Fine 
collections of dorsal cups of dadids also are made periodical from strata of 
Morrow and Missouri age in Arkansas, Oklahoma, Kansas, and Texas. 
Paleozoic kinds of crinoids made almost their last stand at the island of 
Timor in the East Indies during die Permian, Paleozoic crinoids have been 
referred to 5 t8 Genera and to 91 Families. Only one small group of dadids 
survived into the T riassic and then became extinct,. 

The Artieulata are represented in Lower Triassic strata in manv localities 
by the characteristically ornamented stem plates of the pentacrinids. Plates 
of this kind are known from many places in the western United States and 
Canada. Cretaceous and Tertiary crinoids are very uncommon in North 
America, although they are well represented In European strata. 


QUESTIONS 


1. What do you conclude from a study oE pore distribution about the nature 
Lhc ancestral eystolds fpreiocystocds, that Ls)? 
a. What features link and what features separaic cystoids and crinoids? 

*. What difference would it make to a zoologist as to how the Paradox of the 
Diplopores ls resolved? 

4. What bearing does the ecologie distribution oE crinoids have upon their 
use in eorrchiEioD of strata? 

t ST, “ ' eV ^ mion ^., dccrcai * “ »•“*«'■ exemplified by echmodcnns? 
4 SSdlf Would accruc from k "own changes in food grooves of 

7. Why are so many aberrant crinoids embraced within the Order Dismmda’ 

S' u “ pf / f V l ° ^e biastoids with the cy«oids? 

Which approach do you prefer? 

9. Under what circumstances will echinodenn remains not be disassociated? 
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JO Why did (he crinotd* seem to experience one major flare Just before a set¬ 
back in the Medial Mississippi^? Another sethack near the dose of the 
Permit? 


BIBLIOGRAPHY 

References to the Pelmatozoi are included with references to other echinoderms 
at the end oE Chapter 15* 
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PHYLUM XIV. ECH1 NO DERMA (Continued) 

Suhphyium fh Efeutfieroioo 

The Subphylum Eleutherozoa includes the frre-living cchinodcrms. 

Class A. Steileroida 

Starfish are among the most attractive and common marine creatures 
sought by visitors lo beaches over the world, but arc among the rarest of 
fossils, unless one counts the generally unrecognizable isolated plates which 
presumably are scattered through ancient sediments. Much attention has 
been given the Recent starfish because of their depredations in commercial 
oyster beds, A few of the too living species are so voracious in their assaults 
upon immature oysters dm they materially threaten the survival of the oyster 
industry. 

Living starfish consist of a central disc to which are attached five flexible 
arms. The mouth is at the point of convergence of the simple food grooves 
in the center of the oral surface d( each arm. Particles of food are either 
washed down the grooves by ciliary action nr arc lifted toward the mouth 
by arching of the arms. Food consists of small molluscs, worms, barnacles, or 
of detritai organic debris on the ocean floor. 

The surface generally is studded with large spinose plates, but minute 
pedicellariae also are present (Fig, 14JJ-4). These stalked jawlike organs 
snap shut on any irritating body as a defensive mechanism. Respiration of 
many forms is largely through the fleshy tissue in which the skeletal plates 
arc embedded; hence pedicellariae also may be busily engaged in cleaning 
sediment from the respiratory surface. Digestion takes place in a stomach 
which generally can be extruded from the mouth; hence an oyster which a 
starfish has pulled open is digested between its own two valves. Sexes are 
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separate and a characteristic larva develops after fertilization of the egg. It 
is a strange thing that although larvae of starfish retain there freMwimmmg 
habit for as long as three weeks and should be able to distribute a species very 
widely as thev drift on ocean currents, the mature starfish occupy very 
strkted geographic ranges. Their sensitivity to the.r cnv.ronmen is such hat 
they may only occupy a part of a bay or estuary; thus their value m strati- 
graphic correlations is reduced accordingly. * 

A madrcpocta on .he apical afford* .=«* of «”»“ 

S-ihapecl none canal ,o a circnnocal ring canal. Free angle or paced n.dr .1 
canal. crave.se Che lengchs of che arms and send off cube fee,l a.^grfa. m- 
tervafs (Fig. 14.2.1). Each tube foot passes through an ambulacra! plate on 
the roof of the food groove through two pores b^use the m.ddle I*"*™* 
a tube foot is divided into two parallel tubes, although the two ends tons, 
of single tubes. In some starfish the tube feet serve as locomotor organs winch 
enable the animal to cross either rocky or muddy terrain The H™cup 
ends of the tube feet grasp the substratum, after which link pressure , 
bers (ampullae) inflate the tubes with sea water, and the body progresses 
though on numerous rigid stilts. In other starfish the tube feet are much 
modified sensory organs or are even mostly lost. * 

The stelleroids display astonishing powers of survival and regenerat-on. A 
severed arm may live three months and heal itself without a ^ g ^ 
tached; and a severed disc may regenerate another half, or a mutilated disc 

may regenerate five new arms. 

CLASSIFICATION. Recent stelleroids arc divided into two great groups 
-the true starfish (Asteroida) in which the arms are merged with th e disc, 
and the brittle-stars (Ophiuroida) with arms distinctly differentiated fr 
the disc. These groups merge somewhat through intermediate forms, so othe 
classifications may be necessary. Accordingly, features such as size of ™ r S'" 
plates (marginalia) on the arms, mouth parts, pedicellate, tube feet, gemt 
slits, and form and position of the madreporite are also used to dchmit groups. 

SUBCLASS 1. SOMASTEROIDA 

Somasteroids are characterized by having a pentagonal shape, and although 
they lack discrete arms, they bear ambulacra on the disc proper Ambutacral 
rays are differentiated as a double row of ambulacral plates which alternate 
in position. The rest of the oral surface in the earliest forms consists of rod¬ 
shaped plates inclined obliquely to the ambulacra. In later forms marginalia 
were present. Spencer {i «0 bought that these stelleroids fed by washing 
microscopic food particles toward the mouth hy ciliary action, inasmuch as 

definite food grooves are not present* A 

VUkbmnatter, the typical Genus, is the oldest stellcroid yet discovered 
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(Fig. 15.1 j>), It is from Lower Ordovician strata in France, Other examples 
of the Subclass also have been discovered in Lower Ordovician strata in 
Europe. 


SUBCLASS 2. A5TERQIDA 

Asteroids are the true starfish, characterized by having broad arms con¬ 
fluent with the disc and bv deep food grooves on the arms. Skeletal plates are 
loosely united in a flexible body; hence, the plates usually arc scattered after 
death. Asteroid arms typically consist of a hollow chamber bounded by stout 
marginalia and by small plates on the apical and oral surfaces. Ambulacra! 
plates, which roof over the food grooves, are disposed in opposite pairs as in 
ophiuroids but unlike their distribution in so mas ter cuds (Fig. 15,1b)- 

The oldest asteroids, such as Hud waiter, occur in Middle Ordovician 
rocks (Fig. 15.1.1) in the central and eastern United States and in south¬ 
eastern Canada. Advanced forms evolved in part by increase m the number 
of plates hut by decrease in the size of pbtes; presumably the new arrange¬ 
ment allowed more flexibility of the body. Progressive changes m the ambu¬ 
lacra were coordinated with the presence of more and more tube feet in the 
ambulacra I grooves. Accordingly, the asteroids characteristically pass small 
particles of food along the grooves with tube feet. Some taxonomists recog¬ 
nize two Orders of Asteroida, depending upon whether the marginalia arc 
large (Phanerozonida) or small (Cryptozonida). Asteroids w-ith large mar¬ 
ginalia are thought h> be primitive because they not only antedate the others, 
but some Recent starfish with small marginalia pass through a stage in their 
development wherein they have large marginalia. Strangely, some asteroids 
lack a madreporite, and others have one on the oral surface instead of m the 
normal position on the ahoraj surface. 


SUBCLASS 3. OPH1UROIDA 

Ophiuroids are the brittle-stars whose characteristic feature is the slender¬ 
ness of their arms (Fig, 15.13)- They ordinarily move by whiphke motion 
of the arms, but immature ophiuroids can swim. Moreover, many ophiuroids 
burrow into soft sediment and leave only the tips of their arms protruding 
Their brittleness is manifested if they are disturbed because they can castoff 
their arms at will and regenerate them in the same way that cnnoids can. 1 he 
great flexibility of the arms arises through reduction of the marginalia and 
other exterior skeletal elements. Ultimately the ambulacrals become fused 
into a string of axial skeletal elements called vertebral ossicles (because their 
appearance resembles vertebrae of chordates) (Fig. 15 M >- In junction 
with very active locomotion, tube feet decrease progressively in size and 

assume the status of sensory organs (Fig. 151- 7 )- 
Ophiuroids are more likely to occur as fossils than are the other stdkroids 
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because many ophiuroitis arc burro we rs. Moreover, their vertebral ossicles are 
more readily recognized than arc ossicles of any other stelleroids^ Even so s 
ophiuroids are not common fossils, 

Ophtoroids comprise two groups which evolved in parallel fashion. In 
one group the ambulacra! plates are paired* but in the other group they 
alternate. Moreover,, many paleontologists find it desirable to separate almost 
all Paleozoic ophiiimids as a distinct group (auluroids) equal in rank to 
asteroids and ophiuroids, and characterized by having the radial canal of the 
water vascular system enclosed between ambulacral plates instead of lying 
beneath them (Fig. 154,5). 

The Asteroida occur in rocks as old as the Ordovician. Agsfinsttr is a 
Carboniferous Genus with typical ophi timid form (Fig. 15,1,3). Ophiuroids 
are so common in Recent seas that Vcrrill reported dredging over iojooo 
large specimens from a depth of about noo feet (367 m) off Marthas Vine¬ 
yard, Massachusetts, 

GEOLOGIC DISTRIBUTION OF STELLERGIDA* SteUeroids are 
rarely important rock-makers, the only exceptions being when local popu¬ 
lations are discovered. In this way individuals have been discovered in 
considerable numbers in single quarries, as in the case of Hudfonffiter 
(Ordovician) at Saugcrties, New York; Schcrnaitcr (Mississipplan) at Le- 
grand K Iowa, and various stclleroids in the famous roofing-slate quarries 
(Lower Devonian) at Bundcnbaeh, Germany, An effort has been made to 
zone part of the Cretaceous System of England on the basis of fragments and 
isolated plates of sielleroids, Plates and spines are found occasionally in 
washed micropaleontologic material from the Tertiary, or in Recent samples 
of sediments, but expert skill usually would be needed to do more than to 
recognize that the fragments belonged to this Class, 

Class B* Ichi noidea 

Echhioids commonly arc known in Englishes sea urchins or as sand dol¬ 
lars. or as sea apples in various European languages. They have been recog¬ 
nized longer than have most other fossils; indeed, they were prized for 
amulets by prehistoric inhabitants of Europe. Clues as to iheir probable value 
date from about the time of Christ, for Pliny recited a belief current in his 
time that these creatures (then called hrontia) fell from the sky during 
thunderstorms and thereafter would safeguard their bearer from being struck 
by lightning. "Thunder stones" could weather out of Mesozoic and Cenozoic 
strata at many places in Europe, but they are said also to have been broadcast 
as erratics by the several ice sheets that plowed across the European continent 
during the Pleistocene, Living echinoids serve as a food source, either raw or 
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cooked* in southern Europe and in many tropica] areas. Fanciers crack open 
females to remove the roe (known as rizzo di met or sea rice in ta yj. 

Eehinoids, being of complex structure and being capable of diverse evolu¬ 
tionary modification, make excellent guide fossils. In the Coast Ranges of 
California, for instance, they rank in importance with Peetcns and 1 urrucllas 
as the most useful megafossils for field work in Upper Ccnozou. roc s. 
Similar value is accorded them for stratigraphic work in Lower Cretaceous 
rocks of Texas. Fine, complete specimens are common, but specialization of 
anatomic features in the Class is so extensive that species can be i entitle 
accurately from selected fragments if the collector has taken pams to learn a 
few of the intricacies of the animab. 

LIVING ECHINOIDS. Echinnid skeletons (tests) typically are globular, 
discoidal, or heart-shaped aggregations of plates surmounted by spines of vari¬ 
ous sizes. The calcareous plates which make up a test are arranged in more 
or less radial rows. Most tests are less than id centimeters in diameter. 

The name Echinoderma characteristically is associated with the numerous 
slender radially arranged spines which are distributed over the outer surface 
of eehinoids. Not onlv can these spines cause puncture wounds, but spines 
of some species may also be capable of poisoning the animal they penetrate. 
Eehinoids with prominent spines commonly live in shallow water. 

Many eehinoids can be observed in the intertidal zone where they inhabit 
shallow holes which they excavate with their spines and teeth in solid rock. 
On the other hand, the heart urchins burrow down a few inches into soli 
sediment and construct a chamber into which they pump uater an rom 
Which thev ensnare food by long, fieshy, tentaddike processes extending up 
the narrow entrance tube of the chamber. Various eehinoids range down into 
the dark abysses of the ocean to depths in excess of 15,000 feet (5000 m) below 
sea level. All eehinoids are strictly marine and are even intolerant of moder¬ 
ately brackish water. Eehinoids browse on algae, hydroids, and worms, or 
crush small molluscs or barnacles, or ingest the bottom sediment and extract 
organic debris from it. Reproduction generally involves liberation of eggs, 
but a few eehinoids arc viviparous; that is, they bear their young alive. 

MORPHOLOGY. Echinoid tests are composed of a spinose corona or 
main part of the test, surmounted by an apical system of plates on the aboral 
poruon or summit. The corona rests upon or nearly upon the basicoronal 

system surrounding the mouth. ... , 

Fundamental bilateral symmetry of eehinoids is readily apparent in the 
elongate "heart urchins," but is less notable in the circular forms. Both kinds, 
however, are oriented according to a system devised by Loven and based upon 
location of the madrcporitc. Loven proposed that eehinoids should be on- 
ented so that the madreporiie would lie in the upper right-hand interambu- 
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lacral ray when viewed from the dorsal or aboral side. Then the ten rays 
can be numbered counterclockwise* starting with the lower right-hand ambu¬ 
lacra] ray. Lovcn used Roman numerals I-V for ambuJacral rays and Arabic 
numerals 1-5 for intcrambulacral rays. In this way the madreporite always 
falls in ray z + ray III is anterior, and ray 5 is posterior. The system is particu¬ 
larly useful in describing variations in the apical system of all echmoids and 
in the anatomy of ray 5 of the heart urchins (Fig. 15.2,1), 

Spines Spines range from long, slender, and pointed to short and dub¬ 
shaped shafts. Some are smooth, some are Rattened for digging* others arc 
secondarily spinosc* and some possess an unusual modification such as a 
recurved end or a poison gland. In life most spines are covered with ectoderm 
and are fastened to the corona by muscles and soft tissue; hence, the spines 
normally become detached from the test after death. Rarely, the fleshy cover 
dies hack part of the way from the Lips of spines, thus enabling sessile or¬ 
ganisms 10 incrust the spines during the life of an individual echiiioderrm 
Mose spines bear a raised encircling band (milled ring) near the proximal 
(lower) end (big, 15.34). A conical array of muscles attached to the milled 
ring extend out obliquely and downward and are inserted on plates of the 
test; contraction of the muscles moves the spines. In this fashion* echinoids 
arc able to walk as though on stilts or to dig in sediment. 

Spines occur in several sizes, of which large primary spines are most con¬ 
spicuous Hands of very small miliary' spines occur in roughly circular pat¬ 
terns around the summit or around the anal opening. 

In among the various spines are the microscopic jaw like pcdircllariac (Fig. 
14,2.2-4)' Pedicel la riac normally lie with their jaws agape, hut if stimulated 
by contact, the jaws snap shut on an offending object. Waste particles are 
passed along hy pincerlikc action of adjacent pcdicetlariae until they reach 
the widest pari of the corona (ambitus), where they are dumped overside. On 
the other hand, living tissue of intruding creatures is grasped firmly and not 
released, even if pcdicetlariae are torn away from the echsnoid. Zoologists 
attach great systematic value to the shape of jaws of pedtccllariac and recog¬ 
nize several genera! types, depending u^n the shape and number of the 
jaws. Paleontologists, however, have made little use o£ pedkelbriac because 
these minute structures rarely remain attached to 3 corona in fossils. Never- 
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theks^ pcdi cellar iae arc of demonstrable jystematic value; they consist of 
presentable calcareous material, they arc abundant on certain living echi- 
nodcrms, and they have been reported from the geologic column by several 
paleontologists. The oldest fossil pedicelbriae have been collected from Missis 
sippian rocks. Pedicellariae probably will be increasingly useful after diey 
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have been studied in more detail and are commonly recognized by pale¬ 
ontologists examining samples of microscopic organisms. 

Corona. The corona of any post-Pakozoie Genus consists of five perforate 
ambulacra! areas and of five imperforate interambidacral areas, all of which 
radiate from the summit of the corona. New plates in both kinds of areas are 
added only where the upper ends of the ambulacra! and intcrambubcrai 
areas are in contact with the plates of the summit. After plates are formed, 
their size increases and their shape arid their contacts with other plates are 
adjusted by resorption or by secretion of calcium carbonate from the tissues 
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Itt which they are embedded. Plates of the ambulacra! areas increase m size as 
(hey literally flow down the rays during growth of the corona. Naturally, tht 
plates are largest at the ambitus, and then they decrease in size y resorption 
as they move farther orally. Apparently a large proportion of the energy ot 
an echinoid is devoted to shuffling calcium carbonate through its tissues m 

order to adjust the size of the plates. _ .... 

Some taxonomic importance is attached to methods y w 1 nc j P ' 
arc added and to positions at which they are added in the rays, P irll fu af ) 
in Paleozoic echinoids. Except for the Genus Tetrandws, post-Paleozoic 
echinoids ail have two rows of plates in each of the ten areas. Plates m the 
areas interlock along a zigzag median suture as if they were parts cr 
hexagonal packing plan. But where adjacent areas meet along t c a 
suture the hexagonal outline is modified to a pentagonal form by truncation 
of one angle, and straight outer sides of all pbtes are m contact a ong 

ad Ambdacral areas may be hard to distinguish from internmbulacral areas 
on very spinose living echinoids, hut in tests denu c ° 1 eir spines ^ 
ambulacra! areas are prominently outlined by pores from which tube fee 
once emerged. These ports almost aiw-ays occur in pairs (hence, port pairs) 
and have a strong tendency to crowd against the outer margins of ambulacra 
plates near the ad radial sutures. Most commonly one row of pore pairs occurs 
on each margin of an ambulacrum, in which case the pore pairs are sai to 
be noise rial (Fig. t54.i-€); but biserial pore pairs (Fig. 15-4.7- 8 ) are P reS ™ 
among some pcst-Paleozoic echinoids and multiserial pore pairs arc generally 

the rule among Paleozoic echinoids. 4 

Conjugate pores are those in which two pores are included within a groove 
In a manner so much like the case of dipiopores among eystoids that one 
naturally would suppose pores of eystoids and echinoids to serve 1 entica 
purposes (Fig. 154.3). Pores in a pair tend to become closer as the interven¬ 
ing calcareous tissue diminishes, and eventually pores do not occur in pairs 
but are single (even Lhough tube feet may or may not sull be paired). 

Great taxonomic importance is accorded the nature of the ambuaera 
plates themselves, according to whether they are simple or compound. Only 
variation* in shape, such as involve equidimensional versus narrow plates, 
affect the simple or cidaroid places (Fig. 154.1-3). On the other an , com 
pound plates are intricately contrived. Their sutural outlines commonly re¬ 
tain the pentagonal (modified hexagonal) form of most echinoid plates but 
three or more plates make up the pentagon. Compound nature of plates 
can be determined most readily by counting the number of pore pairs in one 
pentagon, because each component plate has one pair of pores. Compound 
plates with the minimum number of three pore pairs are ohgoporous (Fig- 
154.5), whereas plates with four or more (up to about a dozen) pore pairs 
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arc po!yport>us (Fig. 15.4.6-9), Sutures between adjacent component plates 
in one pentagon generally are distinct at the porous region but die out toward 
the median suture (Fig. 15.4.6* 7, 9). DitTerentiation of sutural traces can be 
of very great importance, there being iwo main kinds of compound plates. In 
the echin^cd pattern the largest component plate is the lowest plate. In the 
diademoid pattern the three plates arc of subequal size (Fig, 15.4.5)* m 
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the arbaciuid pattern the largest plate is the one next above the lowest plate 
(Fig-15-4-6). 

Pores m ambulacra uE globular cchinoids such as sea urchins extend the 
length of each ambulacra] area. In elongate cchitioids such as heart urchins 
and sand dollars, however, the pores may be conspicuous only over part of 
each ambulaeral ray. Partial rows of pores in each ambulacrum on the aboral 
surface commonly diverge away from each other and then swing back to¬ 
gether above the ambitus. The poriferous ambulaeral areas consequently re¬ 
semble petals of a Rower; hence, they are petaloid ambulacra (Fig. 15.2.1), 
The other ambulaeral plates are present but they resemble interambulacral 
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plates. In a lew eases, however, ambulacra! plates near the basicoronal system 
may again bear pores and may even resemble (mall-scale petaioid areas of 
the' aboral surface. These latter, oral, petal-like groups are phyllodes, which, 
together with ridges which separate adjacent groups, are called floscelles 

(Fig. 15,11.id, aa). Lit 

Interambulacral plates normally arc distinctly larger than the ambulacra! 
plates are. Moreover, intersmbulacral plates arc not compound, Although 
jnterambulacral plates always are arranged in double rows (except for 
7 etracidans) near the ambitus of post-Paleozoic forms, they may be uniseria 
near the apical system. Some paleontologists think that this localized, uni* 
serial, youthful condition is inherited from some ancestral Paleozoic cchinoi s 
which normally had only one row of interambulacral plates. 

Spine bases arc borne by all plates of the corona but are best developed on 
interambulacral plates, and especially near the ambitus of all rays. One large 
primary spine base, or several small ones, or combinations of large and small 
bases may be present on interambulacral plates, but the pattern and construc¬ 
tion of spine bases are constant for a particular species. It will be remembere 
that the smallest spines of some irregular echinoids occur in characteristic 
circular rows; hence, the corresponding rows of minute spine bases (m ry 
granules) to which they are attached are reflected on the test by indented 
bands called fascicles. A peripetabus fascicle may circumscribe the tips of 
petaloid ambulacra! areas (Fig. T5.t3.1a), whereas a marginal fasciole may 
encircle the corona near the ambitus, and ringlike anal or subanal fascioles 
may surround or lie adjacent to the periproct. 

A typical spine bearing interambulacral plate consists of a flat base which 
carries a hall-like protuberance (mamelon) on a shaft (boss) (Fig. 1 5 - 5 iI )‘ 
The concave base of a spine fits snugly over the convex ma melon and the two 
elements are kept in place and also adjusted by the muscles which lead from 
the milted ring of the spine to a smooth depressed area (aureole) around ihc 
boss. If the spine is also kepi in place by a short ligament, there is a dimple 
on the summit of the mamelon; hence, these are said to be perforate spine 
bases (Fig. 15.5.1, 3)- Imperforate spine bases obviously lack the little hole 
(Fig. 15.5^). Smaller scrohicnles or secondary spine bases may surround the 
primaries, and even smaller ones, the miliary granules, may cover much of 
the remainder of a plate. Minute granules cover much of the surface and de¬ 
note places to which pedicellarlae were attached. 

Spine bases on ambulacral plates resemble those on interambulacral plates 
in genera] features, except that many echinoids have compound ambulacrals. 
In this case a spine base may cover more than one plate. For instance, one 
pentagonal, compound, ambulacral plate may consist of three or more com¬ 
ponent plates, the sutures of which can be traced between the smaller spine 
bases and across the substance of a primary base (Fig. 9 )* 
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Apical system. All new plates of the corona originate at the summit 
around the margin of the apical system. The apical system of primitive cchi- 
nolds consists of two discrete pans, of which the ten plates of the oculo-geniul 
ring surround the periproct. Apical systems of this sort are said to be 
cndocyclk (Fig. 15*6.1). In the more advanced (exocvcllc) echinoids the 
per ip rod has migrated out o£ the apical system entirely and has come to 
occupy a position somewhere else on the aboral, or posterior, or even on the 
oral surface of the test. The position of the periproct in ech molds is of major 
taxonomic importance. The former position of the periproct in exocydic 
echinoids is occupied either by expansion of the madreporite (Fig. 15.6^1) of 
by the plates of the oculchgenital ring which have expanded and fill the 
space* 

The ucuto-gcnitaE ring invariably is located at the summit of a corona. BTn ' J * 
ten plates of the ring are of two kinds and they coincide with th* 
of the corona. Genital plates, which normally are the largest, arc in 
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imerambukcral rays. They are characterized by the presence of a single dis- 
Liner genital pore near the ourer margin (Fig. 15.6.1, 2)- Moreover, the geniul 
plate in ray 2 is additionally modified by numerous minute perforations to 
serve as the madreporite (Fig, 15Az) Ocular P (at« bear a tiny perforation 
from which a Hcshy feeler (not an eye) protruded in life {Fig. 15.6.1+ 2). It 
ocular pbtes occupy positions on the periphery of an oculo-genltal ring and 
merely slightly indent the sutural trace between adjacent genital plates the 
places arc said to be exsert {Fig. 15.6.1) - ® n die other hand, oculars \\ hich ex¬ 
tend Into the inner edge of the ring are insert- In intermediate stages, Loan's 
system of numbering is applied when signifying which oculars are insert and 



Encnpe ircrcrap-h ora., 0-1 iri^fjylnf kKIi* wd r 5X 
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which are exsert. Thus, all oculars in Figure 15,6.2 are insert except the ocular 
of ray IV. It appears that insert oculars evolved from exsert oculars among 
post-Paleozoic echinoids. Du the other hand, oculars of Paleozoic echinoids 
are, paradoxically, typically insert, too. 

In advanced stages of specialization the various genital plates may become 
fused together and serve aj one large madreperite (Fig, 15.6.3). At the same 
time one or more of the genital pores may be aborted; and ocular plates may 
diminish in size to insignificance (Fig. 15,6.3). 

From an evolutionary standpoint, a large apical system is more primitive 
than a small one and large oculars are more primitive than small ones, 
Buskororui tystem. The mouth is centrally located or u just anterior to 
the center of the oral surface, never occupying a very eccentric position. 
Among the common sea urchins of most coasts, the mouth opening is sur¬ 
rounded by a marvelously contrived chewing apparatus whose principal cle- 
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merits are five-pointed teeth. The apparatus can be protruded slightly below 
the base of the corona through a large circular aperture which is surrounded 
by a ring of calcareous plates, the has koruna I plates {Fig. 15.2,7). The teeth 
open and dose like a pentamcral “orange peel snapper" such as Is used in 
oceanographic bottom sampling. Muscles operate a complicated system of 
struts and braces associated with the teeth (Fig, 15:2^ 6). The whole calcare¬ 
ous contrivance has come to be known as Aristotle's lantern because Aristotle 
first drew the analogy between the 30 or 40 parts and the framework of horn 
lanterns of his time (which resemble gatepost lanterns of American colonial 
times). Similarities between lanterns of different echinoids are thought to 
afford unusually good evidence of relationship because lanterns are protected 
from changing external conditions and therefore presumably were not sub¬ 
ject to much modification through natural selection, 

Aristotle's lanterns are protruded from the peristome or are retracted into 
it by a ring of radially disposed muscles which arc Inserted on the lantern and 
on the basicoronal plates. Modification of the basicoronaS ring (mostly of the 
terminal plates of the interambulacra I rays) provides pedescah and arches of 
an internal peri gnathic girdle which facilitate insertion of the lantern musdcs 
(Fig. 15.2,6)' Details of construction of rhe perignathic girdle are of im¬ 
portance in the identification of some echinoids. 

Unfortunately, after an echinoid dies the Aristotle's lantern normally falls 
out of the test and is disassociated by currents or by scavengers. Moreover* 
details of the perignathic girdle are internal phenomena; hence, they arc dif¬ 
ficult to examine. Accordingly, die ora) region ordinarily is not studied except 
by specialists, 

CLASSIFICATION, The main problem in classification of echinoids is 
noL to discover some way in which various groups can be differentiated, but 
to reconcile various good ways. Few' other groups of animals arc so richly 
endowed with features uf taxonomic value as are the echinoids. The differ¬ 
ence in shape between sea urchins and heart urchins noL only was recognized 
by Aristotle, but the underlying causes for the distinction still afford a major 
basis for differentiation, Recent authoritative classifications reflect excellent 
adjustment of zoologk and palcontoiogic features. Unfortunately for most 
student paleontologists and for field geologists, however, those definitive 
classifications either require knowledge of morphology which is rarely avail¬ 
able to a paleontologist or necessitate the erection of taxonomic groups con¬ 
taining only creatures of extraordinary rarity. The strictly functional classi¬ 
fication utilized herein is admittedly incomplete, even in view of the large 
comprehensive taxa it contains. Orders appropriate for a few unusual forms 
arc omitted, such as for the Silurian Echinocyslites which resembles the 
Perischocchinida but is cxocyelit, and for the aberrant Triassk Tiarechinui 
which has three rows but only one tier of imerambulacral plates, 
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Kxy tq Subclasses asd Owners of Echinoiw 


_ Subclass Rcguhria 

Older PenschoechLnida 


L Test regular . - -, *.* * ---- * * * 

A. Mure than 20 rows of plates in test . 

JL 20 rows of plates in test 

j. Ambulacra! plates simple. - ■ ■ Order Cidarida 

2. Ambulacra! plates compound.- - Order Centrechinida 

IL Test irregular . . Subclass Iricgulam 

A. Ambulacra not peialaid ..— - - - ■ - --* ■ Order Holectypida 

B. Ambulacra petabid 

i. Floscelle present -, - ■---.... Order Catsidulida 

2t Flosoelk absent 

3 J Lantern present, lest flattened.. . Order Clypeastcrida 

b. Lantern absent, test convex *.--* * * ■ * Order Spatangida 

SUBCiASS Ip REGUIARIA 

Regular cchinoids arc circular in plan view and arc normally distinctly 
convex □ bo rally* instead of being notably flattened. The periproct is endo- 
cyclic and the peristome contains an Aristotle's lantern. 

Order cl Perlsc beaching do 

Perischoechinolds all have more than 20 rows of plates in the test; but the 
ways in which the rows can be arranged arc diverse. In general there arc as 
many as 14 tows of plates in the widest part of an intcramhulacrum and as 
many as 20 nows of plates with single pore pairs in the widest parts of the 
ambulacra. The size of the ancient cchinoids (that is, width of rays) was ad- 
justed by increase in the number of rows of plates from the apical system to 
the ambitus and then by decrease in the number of pfates from the ambitus 
to the oral region. (Modern echinoids h on the other hand, retain only two 
rows of plates to a ray so the size o£ the test must be controlled by alteration 
in the sizes of the individual plates in the rays.) I he Aristotle s lantern in 
the Ferischocchinida is broadly V-shaped instead of being parallel-sided 

(Fig. v$a£) m . . , . kl 

The Order ranges from Mississippian to Permian, hut recognizable speci¬ 
mens are very rare. Isolated plates probably occur in rocks of many Periods 
in the Paleozoic, but the plates cannot be determined to belong to the 
Pcrischoechinoida, if, indeed, they can be differentiated from ossicles of other 
cchinodcrnn such as crinoids. As construed herein, the Pcrischoechinoida 
contain Genera which some authorities place in separate Orders, 
Botknocidaru, from the Upper Ordovician, is peculiar in possessing 15 
rows of coronal plates, 2 in each ambgtacral ray and 1 in each tnterambu- 
lacrum (Fig. 15.7.3). Inasmuch as there is only 1 plate at the summit of each 
intcraffibulacral series in other cchinoids, some paleontologists consider 
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Boihriacidarii to be at the stem nf the Class Ec hi noidea. On the contrail', 
other paleontologists now consider Bothrioeidtirii to be either a form of un¬ 
known ancestry which led to a dead end of! the main line of echinoid evolu¬ 
tion or a dead end developed as a highly specialized offshoot of diploporttan 
cyittiids. 

True echinoids contcmporajicous with Boihriocitlwh are unrelated to it, 
so the ancestral group of echinoids must be sought in older rocks. The oldest 
echtnoid discovered is a angle specimen from the Medial Ordovician of 
England, it is the basis of the Genus Myriasttektf. This echinoid had a flexi¬ 
ble test and more than 40 rows of imeramhuhcral plates. Pore pairs lie in 
the sutures between adjacent ambulacra] plates (Fig. 15.7.1). 

Perhaps the most common specimens of Pcrischoechinoida are referable to 
Melonechinttf^ a Genus of cantaloupe-shaped Missis sip pian echinoids made 
famous by their discovery as a biostrome in a quarry at St. Louis, Missouri. 
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Order b. Cidorido 

Cidaroids are particularly characterized by the presence of a large, almost 
always perforate, primary spine base in the center of each large mterambu- 
lacral plate (Fig, 15S1K 4). Primary spines of cidaroids are almosr unique 
in having a dense outer rind or cortex over a porous core. Although citlaroisl 
spines may be wonderfully modified into large dubs, plates, saws, rasps, 
branches, hooks, and anastomosing intergrowths (Fig. 15.3), rhey are rela¬ 
tively light in weight because they may consist of only a little over one-third 
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skeletal material—the rest being fleshy tissue. The narrow ambulacrrtt areas 
of cithroid coronas consist of simple plato which may lack spines. Cidaroids 
have an Aristotle's lantern, 

Cidaroids are almost entirdv modem types of cchi (raids; that is, with two 
rows of plates in each ray of a corona. The only exceptions to this rule arc 
two or three Paleozoic Genera and the European Early Cretaceous Genus 
Tttratidaris. This latter Genus not only differs from all other post-Paleozoic 
cidaroids in having four rows of iruerambulacraf plates in each ray, but it 
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and the European Jurassic a da mid, Diploctdam, differ from other cidaroids 
in having overlapping biserial instead of uniserial pore pairs. 

T he oldest cidaroids so far discovered are from the Devonian of Iowa and 
Europe, but material of that age is extremely rare. Bv Carboniferous time* and 
to the end of the Palcozoic p cidaroids were relatively common, although they 
are usually represented by characteristic spine bases and spines of Echino 
crinits (long known as Arckacocidarif), h seems that these ancient cidaroids 
had flexible tests with imbricating coronal plates-—a condition not commonly 
encountered in pose-Paleozoic cchinoids. The Paleozoic cidaroids resemble 
the Per ischoedi inula in having more than two (actually four) rows of plates 
in each interambulacrum. 

The Order Cidarida reached its culmination in the Jurassic of Europe at 
which time 251 of the 626 European fossil species lived. Another 228 species 
arc known from the Cretaceous of Europe. 

Cidaroids are notably scarcer in North America than in Europe* there 
being only about 3 Jurassic, 6 Cretaceous, and 17 Ccnozoic species known. 

Lciocularif and Dor odd arts are common in the Lower Cretaceous rocks 
of Texas (Fig. 15.8.1, 3), In Cenozoic rocks of North America Claris and 
PAylhcanikus arc well-known Genera (Fig. 15&2, 3). Cidarh is an unusually 
long-ranging form, however, for this primitive Genus not only is known from 
the Triassic but Ls still represented in Recent seas. About 45 post-Pa Icozolc 
cidaroid Genera are known. In addition generic names of 35 echinoderms 
bear the root -adam but these forms are not cidaroids; they therefore er¬ 
roneously increase the number of Genera which seem to be referable to the 
Cidarida. 

In Recent seas the Gidarida are most numerous in the Indo-Pacifle faunal 
realm, with 48 of the 150 Recent species living near the Malay Archipelago. 
Only 16 Atlantic species are known and only 2 of these inhabit the ancestral 
cidaroid domain of Europe. 

Order e* Centreehimda 

Regular cchinoids with compound ambulacral plates are referred to the 
cemrechinoids. Ccntreehinoids otherwise resemble the cidaroids very closely 
in general features and spinoslty. Zoologists attach considerable importance to 
the structure of the lantern in this Order, using it as a basis for recognizing 
three Suborders. Unfortunately* these differences are based upon characters 
mrdy preserved in fossils. The various Families are differentiated upon 
details of construction of the compound ambulacral plates, Diademoidtypc 
and echinold-typc pbtes are recognized, and some systems cists recognize 
several other modEhcations based upon the number of component plates and 
their distribution in the large compound units. 
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Phymosama is probably the best-known extinct American cemrcchmoid 
(Fig. 15.9,1), It abounds locally in Lower Cretaceous strata on the Gulf Coast. 
Phymosoma can be differentiated from the cid.iroids, which it closely re- 
sembles. by its imperforate tubercles, as well as by the compound ambulacral 
plates. The Order ranges from Jurassic to Recent. 

Salcnia is an Early Cretaceous Genus from Texas in which there is a dor so 
central plate in the center of the apical system, and the pcripioct is crowded 
over to one side. Ambulacral plates are of primitive construction (Fig. 
15.9.3). Arbaeis and Psatamechinus (Fig. 15.9.2) are moderately common 
on the Atlantic Coast in Miocene rocks. Strongyhccntrotus is a widespread 
Recent Genus which has been reported from Upper Ccnozoie strata; its soft 
anatomy commonly is well known to student zoologists. 
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SUBCLASS 2 , IRREGULAR!A 

Irregular echinnids arc rarely circular in plan view, hut they may be subtly 
pentagonal; they arc characteristically elongate^ heart-shaped, and bilaterally 
symmetrical The periproct is exocydk. Some irregular echmnids bear a 
swollen and granular area on the oral surface in ray 5 which is called a 
sternum* An Aristotle's lantern is present in some groups and absent in 
others. All of the following four Orders are sometimes combined into the 
Order Exoeycfoida. 

Order a. Holectypida 

Holeciypoids are the least elongate and least bilaterally symmetrical of 
the exocydic echmolds. Moreover, their ambulacral areas contain two rows 
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of pores along their entire length, whereas petaloid ambulacra arise in the 
other three Orders. Holectypolds also lend tu he rather convex aborally* or 
tent-shaped in profile. A lantern is present in many forms but tends to di¬ 
minish in importance in the group and may be only in young individuals of 
some species. Concomitant reduction of the perignathic girdle accompanies 
decrease in the importance of the lantern* 

Pygastcr, from the Jurassic of Europe, is an unusually interesting form 
because it has a few compound plates and only a slightly exocydic pcriproct; 
hence it has been considered as a possible link between the centrechinoid 
Regularia and the rest of the Irreguhria (Fig, 15.10.1)* HoUciypus b the 
commonest example of the Holcctypida (Fig. 15,10.2). ft occurs abundantly 
in Lower Cretaceous strata on the Gulf Coast. 
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Order b. Cossidultda 

Cass id u lo ids arc generally somewhat depressed on the aboral surface and 
normally contain radial partitions which support the upper surface. They 
lend to have petalotd or nearly petaloid ambulacra. An Aristotle s lantern 
b present in some Genera. Although most Genera have fbxtttcs p they lack 
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a sternum. The Order ranges from Jurassic to Recent. 

Hardouinia occurs in Upper Cretaceous strata from New Jersey to Ala¬ 
bama (Fig. ig,u*i)- Cassididus Is known from Cretaceous to Recent in many 
areas (Fig. 15.11.2). OUgapygut is a common Late Eocene Genus in the 
Atlantic Coastal Plain of Georgia and Florida (Fig. 15.11.3), 
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Order e. Clypeasferido 

Qypeasteroids are the sand dollars. They are principally characterized h) 
very flattened tests in which aboral surfaces are slightly convex but oral 
surfaces are usually plane or concave. Radially disposed pillars and laminae 
pervade the interior of the test and support the aboral surface (Fig. t5 ,2t2+ 3 )* 
Spines are normally very small. An Aristoilcs lantern is presents although 
it has 30 instead of the usual 40 pieces. Denuded tests normally bear con¬ 
spicuous pctaloid ambulacra. The perlproct is on the oral surface, so the 
digestive track describes a large loop within the corona (Fig. 15-24). One 
group of Genera typified by Encopc bears slots around the margin of the test. 

Some of the most durable and siratigraphicalty useful fossils belong in 
this Order. Most of the representatives lived during the Cenozoic, although 
the group extends back to the Cretaceous time. 

Eckinocyamus (Cretaceous and Eocene to Recent) is unusual in having a 
more inflated shape than have the other members of the Clypeastenda (Hg* 
15.12.3). Feridrchttf (Fig- 15.12.1) is very common in Upper Eocene strata 
from North Carolina to Louisiana, constituting the main element of the 
“Smtclla beds;’ Clypaistcr (Fig. 15.12*5) b pentagonal with rounded mar¬ 
gins and a concave oral surface; it is common over the world from Eocene 
to Recent. Vaquerofclltt (Fig, 15,12*2) and Astradapfu (Fig. 55^24) ™Y ^ 
abundant in Miocene strata of California- In facts 2 small species of 
VaqutrrosAla is so common locally that strata containing it are mapped as 
the "Button Beds," The culmination of the Order on the Vvcsi Coast is met 
in Dendrwttr (Fig. 15.2,1-3)* which was an important rock-maker in 
Pleistocene time and still lives off the California coast* 

Order d. Spafangida 

Heart urchins comprise the very abundant, diverse* and stratigraphically 
valuable Order Spatangida. The most characteristic features of the spatan- 
goids arc the notable bilateral symmetry and the presence of a sternum. In 
addition, some variable features such as the nature of fascicles, presence of 
petalnid as opposed to straight ambulacra„ and aberrant development of 
some ambubcral rays are also very valuable for classification, No Aristotle s 
lantern is present. The Order appears in the Jurassic and is represented in 
Recent seas. 

Holaster typifies a spatangoid group with linear rows of [X>res which have 
the same shapes in all of the ambulacra* Moreover, the ambulacra do not lie 
in grooves. The Genus contains valuable zonal fossib in the Lower Creta¬ 
ceous of Texas and Oklahoma and occurs less commonly in outcrops on the 
Coastal Plain of the eastern states, 

A second group of spatangoids is represented by Enallmtcr, Macr&sttr, 
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artd Epiaster (Fig. 15.13.2-4) in the Lower Cretaceous of Texas. These 
Genera are characterised by the presence of shallow grooves on the corona* 
which contain at least some of the ambulacra! rays + Moreover pores in the 
different rays are di(Terentiy shaped. In particular, ray HI is long and con¬ 
tains one kind of pores 5 whereas the other four ambulacra I rays arc petaloid 
and all contain another pattern of pores. No fascicles are present. 

The third group of spatangoids Is characterized by the presence of fascioles. 
Hcmuutcr is a common Lower Cretaceous Genus on the Gulf Coast (Fig* 

15.13.1), whereas Subgenera of Eapatagm are abundant in the Genozoie 
strata of the southeastern United States (Fig. 154I3.6). 

GEOLOGIC DISTRIBUTION OF ECHINOIDS. Although echinoids 
arc known in rocks as old as Ordovician their remains arc rarely encountered 
in strata older than Carboniferous. They may be locally abundant in car¬ 
bonate sediments of the latter age. Paleozoic spines and tubercle-bearing 
hexagonal plates from disassociated tests are generally referred to Ecki- 
nocrin us and to Archaeoddttrii. Relatively complete Paleozoic specimens of 
echinoids are among the rarest of fossils. _ . 

After the extinction of the Paleozoic echinoids, or Perischoeehinida, there 
was a nearly barren interval during the Triassie before the modern echinoids 
appeared in abundance in the Early Jurassic. North American Mesozoic 
echinoids are singularly abundant in Lower Cretaceous (Fredericksburg and 
Washita groups) sediments on the Gulf Least. It is peculiar that echinoids 
arc extremely rare in the Cretaceous deposits of the Rocky Mountain geosyn- 
dine, in spite of their great abundance to the south on the Gulf Coast. Only 
seven species have been reported from the western interior. Their scarcity 
may reflect their notable intolerance to brackish water or to changes in the 
salinity. In Europe, Cretaceous echinoids are abundant. Some of the best 
European echinoid fossils occur as silicified specimens in the Cretaceous 
chalk beds. 

Ccnozoic echinoids, both regular and irregular, are common in North 
America. They reached their peak of abundance and diversity on the south¬ 
eastern Atlantic Coastal Plain during Late Eocene time, when about of 
the 154 Cenozoic species of that region were living. Most of those species 
were only slightly flattened Irregularis. The peak of development on the 
Pacific Coast came a Link later, during the Miocene and Pliocene Epochs, 
when flattened sand-do!Ur types were most abundant. 

Some of the most interesting phenomena known in the science of geo- 
graphic distribution are based upon the Ccnozoic echinoids. It appears that 
echinoids on opposite sides of the Atlantic evolved from different stocks. 
By Eocene time the dypeasteroid stock dominated American waters, whereas 
the spatangoid stock dominated European seas. Then, in Miocene and Plio- 
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cene time, there was commingling of these two faunas on both sides of the 
Middle Allan tic- Oddly, however, the Late Tertiary faunas cannot be traced 
northward or southward around the x-Ytlantic basing they presumably were 
restricted to middle latitudes as a result of climatic control. It would appear, 
therefore;, that echinoids must have migrated both eastward and westward 
across the mid-Atlantic. But a migration of this sort creates a paradox* be¬ 
cause living echinoids are too sensitive to depth to migrate across the Atlantic 
basin, and the larval stages of echinoids do not last long enough for them 
to drift across. Yet shallow-water echinoids were able to populate both sides 
of the Atlantic Ocean in the Late Tertiary. As in the case of rudbtoids and 
fresh-water molluscs and arthropods, the distribution of echinoids has been 
explained by land bridges, continental drift, and chance rafting of larvae or 
adult animals. The last two hypotheses (and especially the last) are currently 
defended by some or many biologists. 

Class C Holothuroida 

Holothurians are leathery sausagC'Shaped echmoderns which are princi¬ 
pal ly characterized by their apparent lach of calcareous plates. Their shape, 
average size, and lengthwise banding of the ambulacra I areas merit their 
common name of sea cucumbers, 1 Most of the holothurians rest on a 
slightly flattened side on the sea floor, but a few use tube feet to creep about 
or to burrow, and some even swim or float. They occur from the intertidal 
zone down to about 18,000 feet (6000 m) + Although they may live in cool 
to cold water, they are most abundant in shallow tropical waters. Holo- 
thurians ingest sediments wholesale by pushing debris into the mouth with 
a ring of branching sticky tentacles. They are essentially scavengers* No 
doubt their digestive processes alter sediments materially in the course of 
extracting organic substances, after which the voided material possibly could 
be fossilized as castings. 

The leathery skin of the holothurians generally contains microscopic cal¬ 
careous sderites in the form of wheels, anchors, tables, crosses, and spicular 
elements such as occur in sponges and in alcyonarian coelenterates (Fig. 
I 5 r 4 z “ < ?) T Holothurian sclerites are useful in the recognition of Recent 
species, but not much has been published on their use in paleontology until 
recently. As micropaleontologic investigations are carried forward, holo¬ 
thurian sclerites presumably will be given increased attention. 

Eocaudma, from the Medial Ordovician, is thought by some specialists to 
be the oldest known holothurian. It is represented by perforated sclerites 
(Fig, t 5.1 ^,7') which resemble sieve plates of larval erinoids' hence, other 
authorities think that Eocaudina may be a pelmatozoan. Eoikuria, from 
Upper Ordovician strata of Scotland, is an unusual supposed holothurian 
with overlapping plates (Fig. 15.1 .pm). Fossil holothurian sderites have been 
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definitely identified in rocks as old as Mississipptan and may be observed 
commonly in micropalecntologic materials from Carboniferous, Jurassic, and 
Cenozoic strata. Impressions of bodies are very rare, however, and genera y 
have been questioned. Impressions have been reported from the Mi 
Cambrian of British Columbia and Ireland, but at least some of these fossils 
seem to be equally referable to the soft-bodied coclenieratcs such as the sea 
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anemones. Several supposed body impressions arc recorded from Jurassic 
strata in Europe, as at Soletihofen. About iooo living species have been dc- 
scribed. 

HolothurSans arc usd as food in southeast Asia under the names t repang 
and beche-de-mcr. This commodity is processed by splitting open the bodies 
and then drying, salting, or smoking them. Some hobthurians are dredged 
mirnncrciaHy for food off western North America. 















ASS 


INVERTEBRATE PALEONTOIQGY 


Holothurums arc unique among echinoderms because a few of them have 
the ability to produce new individuals by budding. In company with this is 
their extraordinary power of regeneration. They may eviscerate themselves 
when disturbed and then regenerate an entirely new digestive track and parts 
of the water vascular system, 

Incerfae Sedig; Class Machaeridia 

Machacridians consist of two to four columns of calcareous plates* and 
each column contains as many as 60 plates. The columns seem to have fur¬ 
nished a sheath over a central space In which soft parts presumably were 
housed* 

The proper systematic assignment of these fossils has been controversial 
for about iw years. At first the remains were thought to represent multi- 
plated chitcms, but specialists subsequently decided that the Machaeridia were 
parts of stems of cystoids* annelid worms, trilobites, or primitive barnacles. 
The consensus for many years supported the last theory. In fact* some out¬ 
standing authorities on barnacles considered these anomalous fossils to be 
ancestral to the many phred Cretaceous barnacle, Slramentum (Fig. 13.9-it). 
It was thought that the lepadid barnacles arose by reduction of the elongate 
bodies of machaeridhns with resultant concentration of the plates into a 
well-organized capituium or crown* LepidctcaUus and Turnltpas (Fig. 
15,154 l 1) in particular are typical machaersdians which could be placed in 
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a morphologic series leading up to lepadid barnacles, Ttirriltpai, as one may 
gather from the name, was supposed to be a barnacle when its name was 
coined. It is certainly true that the shapes and external ornamentation of 
machaeroid plates resemble plates of barnacles* and the overlapping pattern 
of plates is also suggestive of barnacles. 

On the other hand, the plates of some of the Machacridia are composed 
of calcite which comprises a single crystallographic unit. Ossicles of this 
kind arc otherwise only known to be present among the Echinoderma. 
Moreover, die inner surfaces of plates may bear a netlike ornamental pattern 
which is reminiscent of interior surfaces of some echinoderm ossicles. It is 
interesting that remains of Machaeridia usually are associated with cystoids. 
Apparently the Machaeridia must either be referred to the Echinoderma, or 
we must believe that skeletal remains bearing the crystallographic features 
of echi noderm s arc present in another Phylum. 

The latest theory about the nature and affinity of the Machaeridia is that 
they arc distinctly different organisms which represent an early evolutionary 
offshoot of the Echinodertna, and in which the symmetry is strictly bilateral 
instead of pemameral. 

The Machaeridia range from Early Ordovician to Medial Devonian. They 
have been found m Europe and in North America, but arc exceedingly rare 
fossils. 


QUESTIONS 

1. What bearing docs ihc distribution of ech molds have on theories of con¬ 
tinental cl rift* land bridges, and the probability of transoceanic rafting of 
animals? 1 

2. What characteristics of eehliwds and erinoEd stems plates would have made 
them awe inspiring to medieval people? 

3. If some Recent species of cchinoids were differentiated on the basis of pedh 
cdlariae. how should a paleontologist handle problems of synonymy? 

4. What conditions might have prevented the Gulf Coast echinoids from 
populating the Rocky Moumain geosyncline during the Cretaceous* even 
though cephalopods were common between the two areas? 

5. What features diminish the usefulness of starfish in stratigraphic studies? 

6. What evidence of a palcontologEc nature seems to bear most directly upon 
the ancestry of the Qass Echinoidca? 

7. What characteristics of holothurian morphology and habit might encourage 
a paleontologist to study them? 

B. What features enhance the value of cchinoids in evolutionary studies? Wliat 
features of echinoids enhance or diminish the usefulness of cchinoids in 
stratigraphic studies? 
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9* How could recognised authorities fail so completely to agree upon the 
systematic assignment of ihc Maehacridia? 
io< Why are ontogenetic series of fossil echiuoids almost impossible to obtain? 
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COMPREHENSIVE QUESTIONS 


1, What qualities of corals, brathiopods s cephalopods p iind efhinodcritts enable 
their classification to be carried to minor taxa more readily than can the 
classifications of sponges,, pclccypods, and gastropods? 

а. What relationships might exist between rase of classification of fossils and 
their use in stratigraphic paleontology ¥ 

^ Jn what ways have some skeletal structures of various animals been modihe 
to serve different functions?' 

4. What scientific developmtfiis possibly will transpire before some fossils referred 
w 'Ineeriae Sedis” will be referred to some taxon with confidence? 

5. Why should research involving mathematical, physical, or chemical examina¬ 
tion of animals (living or extinct) be supported by competent studies of their 
nomenclature and systematics? 

б. Why can complicated fossils be identified more readily, and be identified 
from less complete specimens, than can simply constructed animals? 

7, What evidence indicates that some animals may have occupied different 
environments in the past than their descendants do today? How common is 
the phenomenon? 

8, What arc some pakontologk phenomena which bear on the philosophy of 

continental drill? . 

9, If you were in some remote place (even as a member of a spec expedition) 
where our life forms arc represented, and you needed to send back the smallest 
possible collection of fossils lo a laboratory, what would you dispatch in 
order to convey the most significant information about; 

a* The complexity of evolution* 

b. The range of life from Cambrian 10 Recent, 

Cr The diversity of environments. 

10, By what academic study is paleontology likely to profit most in the future? 
Why? Which groups of invertebrates seem to oiler the best opportunities 
for research in the geologic province in which you live? 
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ed words t, 128 
ficiuate, iiS 

Camptostr&ma, 150 
Canal, 379 
Caned t ate, 333 
Candana page *, 555 
CirmopAyf/um, 171* xBt 

jntver.Tid/ ei/tj r J fkt 

CapLmlum, 557 
Cfl/tjitJrriutfj ra^nJu/j 617 
Carapace, 545 
C^anko/tf, 347, 362 
ungulate, 361 
Carbonization* 17 
Cardetlc, 266 
Cardinal area, 293 
Cardinal extremities, 293 
Cardinal margin, 293 
Cardinal plate, 29^, 319 
divided, 29ft 
perforate, 293 
Cardinal process, 284 
Cardinal shelf, 293, 295 
Cardinalia, 2.98 
Ctirdi&ccrai, 458 
mrdif&rmc, 459 


Cardlotds, 362 
Cardium, 34O 
358 

Carina, a&s, 543, 557 
Ciirpotyitikf, jgS 
CarpMds t 597 
Carpus, 565 
Carruthm, R, G- d 174 
Carfacrimtej, 594, 598 
or nut us, 595 

Caryomatton t 109, 110 
Caryophyiliina* igS 
Cassidulida. 651 
Catriduliu, 651 
can rad^ 65X 
Cast, 18 

Castifigs, 2r, 220 
Catenipor^ 163 
gradUs* 164 
Caiophragmus, 558, 559 
Caudal appendix, 93 
CclkpQra m acid ate, 271 
Centipede, 577 
Central capsule* 91 
Central Carina, 329 
Central disc, 586 
Centred] ini da, 648 
Ceniranrffa, 31y h 31 9* 320 
campMti, 318 
Cephalk leg* 501 
Cephalcm, 48 ft, 489 
Cephalopoda, 407 
class ideation* 441 
conch, 408 
gedqgk range, 477 
keys, 438, 465 
Cephalodiorax, 561 
Ceratites, Age of* 463 
Ccratites, 437 
CeratitkJa, 445 
Ceratinna, 447 
Ccratium^ 56 
Ccraioid, 167 
CtrOMpca, 384 
^ith t 383 

C crate pfu chamber si, 550 
CcraSospyrif, 92 
Ccrtiurus, 515, 516 
picurextmthemur I 517 

Ceriantbida* 206 
Cchaitlhm, 207 
amtriatnuS, 207 
Conoid, i&tt 

Ch ock (a r 160, 161, 16a* 250 
fnrjiiHj, 162 
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Chacieudar,. i 60 
CkGtfvpicura aptctttsta* 331 
Chain CpraJs, 161 
Chamber, 60 
Chanretforia, ng 
era*. in 
Checks 489 

Chal&pQrdlii fiabellaU r, 246 

Chci]ostom]da p 362 

hydfobgk apparatus, 265 
morphology* 263 
Ckcirtituf, 5 is 
niagarensis, 517 
wetter;, 517 
Chela, 564 

Chehccra* 520, 325, 527 
Chdkeraia. 520 
classification, 521 
gtiobgic range, 535, 536 
key, 521 

Che]iperi, 5^4 

Chitokolbmd den lifern, 549 

Chilopodp 575 
Ckione. 356 
ChbvgnatAuf, 232 
Chiton carbon anus, 331 
rqmmatat, 331 
Chitons, 320 
CkMrt&Cerds, 433, 425 
Cboanocyte, 99 
Choanurtagellida, 56, 57 

c/ioia rfdifyi, 10S 
Chcunatum, 70. 71 
Chondrophore, 339 
Ckonetes, 314 
grapulifer, 315 
Ckonstocemt, 447 
led Icy l B 4 $o 
Chrnjnalophorep 53, 55 
Chrysomonadida, 54 55 
Cibiddes, 62, 81 
ckodaw^nsift Si 
Cicada, 571 
Cicatrix, 59c* 

Cidaridij, 647 
Cidaris, 648 
ipiendmst 647 
Ciliaia, 93 
Cirriptdia. 554 
Chdida, 618 
Cindm-bonus, ]6l 
Classifications, artificial, in 
comparison of. 1 i 
coordinate* 341 
natural, m 
fioncoordinatcj 341 


Ctetkrodictyw, 147, 148 
trnatbfum, 147 
Clash r&drtitid, 3 S^ 
inciUftTPt 3 95 
Chi-nhna, 66 
pmirienrir, 67 
Cttwalscjuf.es r 501 
Clio, 400 
t'irgulx, 401 

Ciima, 107 
cclata, 108 
Ciionites. 447 
ammamvr, +48 
dionoides. I07 
CMpnoHthes, 107 
Clisitiphyllitls, j£r 
Otstophyllum* 181 
CHfioSaphsles montanensis, 455 
ri&i'imexictmut, 453 
Cfithrum, 339 
CtanogTiipttis* 139, 140, 141 
Cloud* P- E. p 396 
Ctymema. 432, 444 
Ctymcniidi, 443 
C(ypester, 653 
rogersi, 652 
Clypcastcrida. 653 
Cnitiaria, 207 
Cowohth, 54* 55 
GoccoEiihophore* 54 
Cothloceras, 450 
fiichen. 450 
Cockroach. 571 
Cadaster. 604 
pyramidatu*, 6oi f 603 
CodonetiapnS' 93 
Codonofuficfliit 68 , 69 
Codosiga. 56, 57 
Coclcnterau* 123, 116 

class ideation, 125 

geologic distribution, 149, 166* 185 
keys, i6o r 17ft. t97 
Jiving organisms, 123 
morphology. 124 
Codcmeron* 123, 124, 197 
Coeiodema concentricum, 248 
Coelome, 215 

Cocfoptyehium lob&tum, 113 
Coenenchyme, 159, 189 
Coenosirr* 193 
Cociiottcum, 144, 193, 247 
Coituig. 375 
Colcoidcj* 464 
cJassJjicaUOrt* 465 
key* 4^5 

Calcop[crida J 573 
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Collar, 93 

Co £ Hmc U a* 173, 193* 37S 
Coiunictlar fold, 380 
CotameUar lip, 379 
Columnal, 606 
Columnariids, 177 
ComantftMS, 6^5 
Comarocy suits, 596 

punetdtuS, 597 

Co mat □ lids* 626 
Commensal. t39 
Compartments 559 
Compensating sac* 265 
Competition* 37 
Composite, 310 
iubquadrafa, 310 

ConcAasma, 9a 
Concilia] furrow, 413 
Conchidium, 30 6 
iaqueafum, 305 
Gondiiolin, 317 
Conchologist, 325 
CoAcAopeltis, 153 
ahemata, 152 
ConchosE mean 5, 542 
Conehs* of ammonoids 430 
of gjBirnpodi, 370, 372 
ijt nauEfcloitlsj 40S 
Connecting ring, 410, 4121 413 
Conodorktoptoridia, 227 
assemblages, 229 
evolution, 232 
fibrous, 228, 232 
geologic range* 232 
laminar, 22K 232 
morphology* 229 
taxonomic problems* 234 
zodcrgk affinities 234 
ConOlhcca* 466 
Conrad ocerar, 424 
Consteikna, 250 

I5I 

ConstrlcrionSj, 433 
Contact margin, 547 
btlamcllar* 546, 548 
monolamellar, 546, 54B 
Continental ibclf, 28 
ConrinentaJ slope, 28 
ConL r iC[tlc vacuole, 58 r 59 
Contdaria, 153 
cost linens, 152 
II jj Jidafa r 152 
Can Li lari Old S p 151 
Conns, 382 
fiend anus* 395 
Convergence, 39, 40 


Convergent 343 
Convolute* 417 
Convoluted organ, 613 
Cooper, G r A,, 296, 300 
Gopepoda, 554 
Coprolites 21 
Ctiniliibchiimti, 332, 362 
ercutth 360 
Coral Es morph jdjp 193 
Cord/fimo^Anr profundus, 192 
CordhsHs, no 
noIitangCfg, top 
Corallitt, 1^9 
Corul&um, 189 
rttbrum f 190 
CofAicuIa, 362 
1 tmbortc\ia s 3(St 
Car&istrma, g6 
Corbuia, 362 
uadifera, 361 

CordHUrilcs angulatuf, 449 
Corneftites cmm:crams, 346 
Cornuiiics, 225 
ficxuoSut, 225 
Corona* 635 
Correlation, 47 
by evolutionary position, 4S 
by index fosalts, 47 
by matching faunas, 47 
by relative abundance, 47 
Cortes, I35H 136 
Cosamum hmm r 261 
Ctufynotina 84 

Costa, 65* 193* 196. 366, 267* 333, 35 * 
CnjojpjW/ei-, 307 
arenosuir 299* 308 
Cover platCj 608 
Coxopodite, goo 
Cranidiuni* 488* 490 
CriirtOccras c 421 

CraspcdacuMt 131 
tyderi, 132 

Craterina bobrmitd, 591 

Cnn cnatcraj, 440 
hcspcrmm r 441 
Crendla, 606 
Crenulatton, 337 
Crcpicephnlw tow t ns IS, 510 
Crept duh, 391 
fornicate, 391 
Cribrimorph* 267 
Crinoidea, 605 
arms ^°7t 609 
calyx* 6ii p 614 
classification, 615 
geologic distribution, *27 
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Crinoktea — Cmthmpi 
morphology, 585^ Go 6 
roots, 6o6, 607 
stems, 606 
Crinoids* Age of* 

Crioccr&fr&M 457 
Crism pugeti\ 146 
Crt>pW/ff fflVjM, 255. 368 
Cfncdbcrnltef, 609, 610 
Crucipulum, 391 
ratfrfnrof vat, prfco/irro, 391 
Crural plate, 398 
Crurat paint,, 319 
Cruratium, 398 
Crus, 283, 398 
Crustacea, 539 
geologic distribution, 576 
CrypsM&stiis, 600, 604 
nif/o, (Soi T 603 
Cryp'tocyst, 264 
CryptditJttiS, 490, 511, 513 
fcfsdmm, 

Gryptomphalus, 378 
Cryptostomida, ik> 
Crypto&mia, 633 
Crystallization, center of. 196 
Ctcnidj urn, 372 
CetnQfA&fmti, 370 
Ctenacrinuf nobilisrimtiJ, 609 
Ctenodonte, 34a 
plan odor* am, 34s 
Cttnotiom, 348, 35a 
Ctenophora* 206 
CttopstoniidLa. 247 
Cuctt!laxa f 343 
vulgaris, 344 

Ctii'ijniiiriii, 657 

Cuneatc, 168 
Cuniculiis, 74 
Cupulocrinus, 619, 610 
Ae f rmlis, 617 
Cushman, ]., 87 
Cyafbaionia, 17S 
dalttmm, 177 

fanriUa, 177 
VtnUitP. 177 

Cyatha^oniids. 177 
CyHSJtocriniltS^ 616 
unfsoni, 617 
Cyathophyllidi, 179 
Cyathophyllum, 179, 180 

Cydamtmna, 6 & 

canctrllata, 67 
Cycle of iepta^ 195 
Cyclodont* 3^3 
Cyclortzma limatum, 398 


Cydopt, 554 
CyriofpharrQma, 563 
tnlobaium, 565 
Cydostomida, 235 
Cylindrical* |68 
CymtojHicr mtfjcflh, 587 
Cy ni&iiiia par11 thrn fate , 401 
Cyprus httiprim, 395 
mvjtrte* 335 
CypraefoETO d 376 
Cyprtdea mvsdmm, $$$ 

bis it lias a, 939 
longupma, 55 S 
uryOmingmsit 4 553 
Cyriirtti. 310 
dptntnds, 311 
CyrtoccracOne, 415, 416 
CyTtoccras, 421 
dt-pmsum. 422 
CyrfQcersditr/. 415 
CyrtDchcanitk, 43* 

Cyrtodonta, 343 
jiiffordi, 344 
Cyrtogrupfus, 140, 142 
CyrtGspirijrr, 307 
ivhitneyi, 30S 

Cyrlttltts JerObfluS; 386 

Cysuphragni, 255 

Cystipbyllids, 18* 

Cystiphylteidft, 181 
mmerkwrnt, 183 
suktuus* 183 
Cysitoidea, 589 
oupoidi, 597 
geologic distribution* 617 
geologic significance, 598 
ports, 591 
Cythtrc, 546 
Cythrreis americana, 552 
dliata, 546 
fMoniA^mata, 552 
jredtricksimrgXTuis, 549 
Icmnicalit. 532 
pennate, 552 
wortkcnrii, 552 

CytktrcU* fred Imc \sburgtns\s y 549 
CythtrrflQidt* ala&amenrit f 552 
Cytheridt* Mtrti, 532 
ruginasd, 592 

CySJuTPptcrOm airuiplotatum, 552 
Cytoplasm* 91 
inirarapsLilar, 58, 91 
eMracapsuIar, 98, 9! 

Cyzirus. 542* 543 
trtrprcrus, 544 
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Dactyl, 565* 5 ^ 
Dactylioccraj. 457 
DacCyloporr T (30 
Dali, W, H.p 338 
Palmandltcae, 304 
Ddmsuiiteiy 515 
limuitifM* 517 
Bulmaninnn T 499 
Darwlites* 445, 447 
tfcgans, 446* 447 
frocdr^forff, 445, 446 

***«& 444 > 445 , 
DjHpraridfta 4&i 

Per^jOJT^nu Ayj/fj. 422 
Dr Vries, H., 38 
Decapods,. 564 
Decollation, 381, 418 
Drew/tam*, s6Sp 2 69 
Deep sea, 18 
Deip&an,. 516* 51S 
/oriefT. 517 

Dtk&ydfa praenurslia, 253 
lu&frondoa, 257 
Ddocrinui, 619 
frenlAtrbaluj. 6 lJ 
pniljittut, 619 

Dfllhyris pr rliim cl! 0 sal , 295 
iufcatMi, 295 
Ddthjrium, 293, 295 
DeJtidbl plate, 283 
Deltidium, 294 
conjunct, 294 
discrete, 294 
fused, 294 

Demoapongca, 1136+ 239 
BtttdtaiUf* 585, 653 
exccnfncus, 637 
Btndfocyrtiiti, 598 
d cdgwt£^ r 597 
Dendruiib, 134 
Dtndraphryt r r 62 
DendrophyHiina, 199 
Denifrojromwm, iio, 226 
pyroideJ t 219 
Dendrotiun Amaru, 565 
Dental lamella 295* - 9 ^ 
Dentalina m 78 
eommunts. 79 
Brntalium* 3(15 
MUauaSum t 363 
tUtnQscb%zum w 363 
Dcntary, 222 
Denticle, apical, 229 
lateral, 229 
Denticulate, 293 
Depth z ernes, 28 


Dtrbyia* 312 

crdjrrd. 313 
Dcsmon, 10$ 

Detorsinn, 374 
DcxbvaJp 37i P 377 
Diagcnesis^ 18 
Diaptnurda fiond^nn, 246 
Diaphanothcca, 7 *i 7 * 
Diaphragm, 353 
complete, 255 
perforate* 353 
Diaphragm^ 316 
Diatom, 99 
DicanthzSph, 513 
/ncrclw/, 514 
Dichograptidp 133, 139 
Di^Aograpfut, 140, 141 

DkrmUa fccarnif, 530 
DicrartograpiiiS, 140, 141, [43 
Diermurus, 513 
monstraiiis, 314 

DietywAa. 56 
Dkiyocfouw, 284* 3*6 
rwjr, 313 
Dtayotonuft 83 
anttricantit, 84 
u'tflttufeftfif, 84 
Diclyoncma, 136, 139, 140 
iStoU&V 135 
Dictyqnine, 114 
Diet y o tpong ia, 112 
fccpirums 113 
Didymograpttu, 139, 140 
Dirlasma, 318, 330 
Awidew, 295, 318 
furgida, 319 
Dietcila, 263* 264 
Pi^Tugja, 59, 60 
Digestive gland „ 157 
Digestive track, 334 
DtJ(ciocepkaius, 492, 509 
tninnrsalenfif, 5So 
Di/uffurra, 339 

Dimcrocrimm inQrmtfus, 613 
Dimorphic, 113 
Dimorphism, 373 
Dimofp&Qgniptus, 140, I42 
Dimyarian, 335 
DinocotAfcti, 371 
Dinotlagellida, 56 
Diphura d-c^ayi, 499 
DipIcumU, 587 
Diptqhathrida, 622 
Diptoadans, 648 
Diplograpiid, 135, 139 
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Diplograptui, 135, 140, 141, [43 
Dip I apod, 573 
DtphpodiVi 640 
Dlplopnre, 590, 5&1 
Diplopore Paradox; 5190 
Diptoporida, 

Dipterida, 573 

Disc, 630 

Diicinifca tugubris, 189 
Discvasur, 54, 55 
DiJCOCodi* divert £ tit a r 115 
Discoidal, i68 r 376, 377 
DiscopfryJlitts patens. 4-51 
DucvporaUa umMtm r, 271 
DiscQrbts, 30, 31, EiS, 89 
grOl'rlht 8a 

Dkparida, 616 

Dissepiment, of anihozoanip ij 2 , 196; 
angular* 172; concentric, 1723 her¬ 
ringbone, 172; Ipnsdaleoti]* 172 
of hryozoans* 260 
of graprolites. 13^ 
of stromaioporoidSp 148 
Dissepjmcntarium, 173 
PhlaCodld, 2JO, 23a 
Distacodus, 228, 230 
DjJtomnrn), 115 
215 

Divergence* 39 
Diverge, 343 
Dizyg\ kv 0 Wj <>24 
rofurdW, 623 
DcdraEftrird, 224, 225 
Jfrtu&ofo, 225 
Doderteiiip 33S 
DoKo p L, 42 
Dolomicization, 19 

Doratefpis, 91 
648 

texanus, 647 
Dorsad, 430 
Dorsal cup, 6n 
Dorsal shield, 48S* 4S9 
Dorsum h 409, 412* 430 
Dorycnnus mUiMtrieniis, 623 
Doting 339 
Doublure* 489, 497 
D&ufilieieeras, 460 
fnafnmitfetum, 459 
Dotiediina, 31 1 
arcuate 313 
Dragonfly, 

DritHtij 355, 396 
Dufren&ya jusfintie, 459 
Duplieature* 346 


Dysodonlp 337, 345 

Dyjrjy^ii* ananas. IOO 

EcdysiSr 486 
EeAittocam, 563 
sotia!if r 565 
EVAmorflrtrAfcrri 316 

altfmantf, 315 
EcAtnocrinm* 64^ 648, £55 
EchimKyamm, 653 
vaughani. 652 
Echxnocyaius. 644 
Echinoiicmia, 582 
attached, 588 
classification, 5R8 
living positions, 383 
morphology, 585 
reproduction* 587 
skeleton, 584 
symmetry, 584 
unattached, 630 
water vascutar system, 586 
£chinoide j, 634 

apical system, 642, 643 
bastcorojial system, 643 
dassificadon* 644 
Co remap 638 

geologic discribtition, 66 q 

key, G45 

living* 835 
morphology, 635 
spines, 636, 638 
Echinoitchat, 513 
criopils, 514 

EchinQjphaerttcS, 594, 598 
aurmtium, 595 
infaustui T 59I 

Echols, D. J,* 89 
Ecology, a, 30 

EcpAora quadricDffflfa t 395 
Ectocyst, 264, 267 
Ectoderm, 99 
Ectopmct, 240 
Edge 20 nc, 193 
Edr master, 589 
Edrioastcroida, 5B8 
EtinoCrinuS. 6i0 
samduti 621 
Edwtirdlta. 191, 193195 
Egg capsule, 544 
Eg grreHtij 62 
Eiffclie, no 
ghbota, ie 1 
Elcuthenosoa, 630 
EHfimttsetrm, 418 
Ellcsmcfoccratids, 421 
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Ellis, B, R, So 
Eiphidiu m r 8] 
erifpum t 82 
Eirathia, 490 
jjngi' 510 
Elytnim, 573 
Emargiauh, 391 

mwylandica, 391 
Emmanfiat 165 

f(? 3 «?tfnxr F I&Z 

Enaiiastrr^ 653 
texmus, 654 
Eric&pe, 653 

marrophom, 652 

fnm'flMrwj, gij 

omatffli 517 
Entrmiis, 649 

Endtlocrinuj iexanui, 619 
Endemic population, 36 
Ertdocml?* 420, 4a I* 427 
pTQttijarmc, 42Z 
Endoceratidi, 421 
Endoconc, 420 
Endocyelk, 642 
Endodcrm, 100 
Endogastric s 415* 41# 
Ertdopachyf, 200 
mtidurii, ant 
Endopodicf, 300 
Endopuucta, 390 
Endothyra f 67, 68. 69, 75, 88 
EndothyriMC, 66* 86 
Endorfiyrid, 66 
Engan&Ccroi* 460 
mhpetum, 461 
Enepkura, 596, 597 
fopti, 597 

Enifdophora probofcid^J r 146 
Ententes hemiplicatus* 304 
EnfrfoI'ismn i 479 
jlfiCiurTii 178 
Emoproct, 240 
Entoproeia, 241, 244 
Environments, 2$ 
nmtisc, 29 
oceanic, 29 

EoMrmmte/, 466, 476 
Eoajvdinii, 656 
rribrijomw, 657 
E&CQrrufuna, 153 
lac nifit a, 152 
Eocyftitff. 596, 598 
itmgidatSyius, 591 
Eodiscids, 508 
Eodiituh 492, 509 

507 


Ep/FrtrAerjd, l6l # 162 
Eoharpcs, 494 
Eotifthifi 302 
remnicha, 303 
Etiichtikertelfot 68, 69 
E&fpirifcr, 307 

295 

radiatut, 308 
Eothuriv, 656, 657 
Eotamaritt mpratingtdata, 392 
Eotrvgulus fayoti* 534 
Epiaster, 6^5 
whit tit 654 
Epkanitcs, 445 
mndbtrgi, 446 
Epiphragm, 384 
Episterenm, 990 
Eponidts anftiterum, 82 
Errtmarrinw., fill 
rrmibrxhiattu, 609 
Endophyttum, 181 
iende T 1B2 
Erraimda, 221 
Escutcheon, 338 
Esihtnm t 543 
Estivation, 383 
Ethmophyllum, ill 
stthtinryi, T19 
Eufalypl&rrirtttef, 624 
CTOjSWt 623 

Eudadtxmftm mul:ihrdchiutnf t 609 
Emvpt, 127 
dsaphana, 128 

F-WT&ssatcUx marylandk r a> 358 
Eucythzre byramenris, 552 
End jrfl, 1x4 
piium, l»5 
Eumorphotrerat, 44B 
bifidcat^m, 441 

Eum^rphocystites Midtiporalus* 593 
Eunices, 123 
Eunidtts, 221, 222 
EuptitiigtiS' 635 
moarttimitf ^54 
Euphrmitrs, 393 
viifattAs, 393 

Euphcbtria ormigsrx, JJ5 

Euplcrttll^ hi 
aspergillum t 113 
imptrudis, 113 
vw?m t 113 

Euprimitia i*ntfipiitdh 550 

EupfQdp s, 5 24 
tkompsam, 525 
Eure{ia f 490 
Eurycorc r 493 
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Eurycfutrna reticulata, 550 
Eurypterida, 526 
anatomy, 527 
Euryptimti, 518* 529 
Eurysiphonatc, 420 
Ewprcuf, 539 
Eutcalprltum, 556 
Eulhyueuran, 375 
EutrcphotcraS, 417 
426 

tfe^ayi, 426 
Ev&rtirt&pora. 247 
rad Oita, 246 
sc t radrafx, 246 

Evolutc, 375. 417 
Evolution* 35 
Evolutionary patterns, 39 
Evolutionary theory, 55 
Excurrenc camd* 102 
Exgcydic, 6^2 
Exogailrle, 415, 416 
Ejqgyrjr, 356 
aWe/md, 353 
pandttofa, 3S3, 356 
Exopodlte* 501 
Exopuncta, 250 
Exoskdeton, 464 
Exscrt, 643 

£ y=. 37 *. 545 
laretal, 533 
median, 333 

of triloLutcs, 4B8. 489, 493 ► aggrt^atCp 
495; compound* 493; holodarosJ., 494; 
sdiiaochraal, 493; simple, 493 
ridge, 488 

Facial ridge* 489 
Falcal ardi, -212 
Falcuip 222 
Fan system, 196 
Furred, 114 

113 

Fasa&Ioria acuta, 371 

j 36 

Fascjde, #41 
anal, 641 
pcripdaloLii, 641 
sub-anal, 641 
Faunal migration, 26 
Faunal realm, 26 
Facia. 198 
frdgum, 20* 

F Ivlina, 1 98 

fifrtjfaTta t A lflfi 

177 


Fttvostiet, 165 
alpenensic, 162 

162 
162 

Favositidae, 163 
Fmcstclfa, 261 
rwfit, 259 
Fenirscra* 267 

fenestra porn occidcnfalis. 261 
Fctiestrule, 260 

FmstrpmalQpGra !arCCquCt h 145 

Ficus copapytatia, 395 

Fidd techniques, 44 

Fiiantf, 216 

Filter-feeders, 279, 334 

Fission r **5 

Fisjurciia, 380, 381, 391 

FiStalt par a, 247 

aitriCftt 24S 
entfltefa* 248 
OIGSflefl/tffJ, 248 
j^fpjnZr/rrd, 246 
Fisiuliparoid* 247 
Fixed check, 4BS* 489 
Fiaivitum^ 199 
cuneiforms, 200 
Flagellum* 53, 55 
Flank, 43 ° 

FlexibiHa, 619 

Ffcficalymcne, 490, 497* $11 
mcety, 498* 512 
Flexure, 373. 374 
Float, 45 
Floods, 87 

Ffandmctia vk\sbwrgic* t 271 
Flraccllc, 641 
FEoscularia a 217 
Flower, R> 417* 421 
Fly. 57 J 
Fold, 281 

Food grooves* 589, 593, 599, 600, 609, 

#13 

Foot, 334 , 37 *. 374 
Foramen* 283 
Foramina, 60 
Foraminifcridx, 60 
apertures* 60, 64 
dassificalion* 65 
depth stones, 87 
economic paleontology, 90 
key, 65 
larger* 63 
living* 60 
origin, 85 
ornamentation, 64 
polymorphism, 63 
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Foramimferida -—Con ft fitted 

shape, 6 t 

skeletal femircs, 6r 
sirutler, 63 

stratigraphic distribution, S6 
Fgrams, 6 q 
Fossilizarion* it 
F ossils, value of, 2 
FoSSuta, 169 
Free check, 48S, 489 
Friizd] r D. L., 341 
FroB£h£ejtor(fl h 62, 7B 

Frontal lobe, 490 
FuFT^cr, 197, tgS 
199 

Fungi in a, 197 
Fata. 545 
Furrows, 466 
Fusdle, 135, 136 
Fusiform,. 376* 377 
62, 68, 75 
arwj?, 69 

Fumkrte-Utiy 68, 69, 73 
Fusulinidsp 67, 36 
morphology,. 70, 73 
shapes of, 69 

stratigraphic distribution, 75 

Galloway, ], I, 85 
Cammufus, 564 
Ganglion, 214 
cephalic, 372, 374 
parietal, 374 
visceral, 374 
Gape, 3 3 * 

Gtuptlk&m, 5t3 
fmitewa, 514 
Gastric mill, 563 
G&ftripcrrjll, 440 
branntri, 439 

Gastropoda* 370 

anatomy, 373 
apertures, 379 
classification, 388 
conchy 375 
fresh water, 396 
geologic range, 404 

key* 388 

morphology of ecrnchs, 371 
operculum > 383 
oriu mentation, 3B4 
shapes of condrs, 375 
soli parts, 372 
Cast rope re, 130 
Gastrostyle, t$i 


Gaudryina, 66 
mbratundtitat 67 
Gcmnuilc, [03 
Geniculate,. 167 
Genital appendage, 527 
Geologic time scales 3 
Gcphyrca, 220, 227 
Gigantism, 359 
GilfortsocriintJ, 622 
tubtrvfus, 6i5S 

Gill chamber, 412 
Gill plate, ji7p 528 
Gilts, 334, 372, 374, 412, 469 
of pdccypods, culamellibranehiat, 335; 
filibranchial, 335; protabranchial., JJ 53 
septi branchial, 335 
Ghtyeodi&r 114 
beedri 115 
Glabella, 488, 489 
Glabellar furrow, 488, 489 
Glabellar lobe, 488, 490 
Glab raein g ala m p 39a 
graymiitme, 3£i 
Gmdtdma, 78 
coftfrw, 79 
Globigrrma, 81 p 94 
buflaidcF, 58* 62 
Globose, 376. 377 
Giobitlruncami area, 82 
GfairiMgp 379 
Glycymerij, 343 
jy/wrtffa, 344 
veafcAii, 344 
Giyptocnnuf, 624 
dcfadtiilyfotf, 623 

Gtyptocystilts, 591 
Giypt&pleura rarircjtfffl, 550 
GiyptQtpJtamics, 593, 594 
Uuchtenbtrgis 593 
Gnaihodus, 128, 233 
roundyt, 333 
Goldfingu I Aciperd. 219 
Gomphoccras, 421 
Gonad, 157 
Gfrrtduirtta, 233 
nrofobaia, 233 
jyfiinierrjcfl, 233 
GoniatitCp 438 
ComtaiiM, 437, 440, 443 

ehoclnweniis, 441 

Ooniatltida, 438 
Goniatiiina, 440 
Gonothcca, 127* 134 
Comoro id, i27p 12& 

Gargoma, 189 
ffabe£tum r 190 
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Gorgon in, 1S9 
Gr antis. 102 

rdmprWfiJ, IOO 

Granule, 64 r 

Graptngcmophore, 135, 136 
GraptoiOa, 133 
affinities, 143 
budding, 139 
evolution, 139, 140 
modification pf stipes and thecae* 
morphologVj 135 
reduction of branches, 137 
shape of rhahdosome^ 13 ? 
taxonomic problems, 141 
thecal shapfifc 157 
trends, 136 

Grasshopper, 571 
GmtiopF, 494 
AtwfAi, 494 
Gregarious,, 99 
GrijffifAidcr r 490 
Growth lines, 171, aEtf 
Gryphaa 1, 353, 3 $ 4 ' 3 ? s 
dciniOrtrerr. 354, 355 
inruns, 354, 355 
obliquato, 3*4t 355 
jpjr™tfTw r 353 
Guard, 465, 467 

pj'uiFJ/rrL-FiJr, Si 

df/Zorde+ij 55 $ 

Cutter, 380 
Gtiltuhna. 78, 79 
Aflfl/Jfcrui, 79 
Gymirrlrr. 447 
sitxmdrati 449 
G vm nolaemata, 245 
Gymnotoarras, 447 
btcfcri. 449 
Gypidula, 306 
e&rymansensitt 305 
Gypiinn, 131, 14a 
plans, 130, 14^ 

Gyratdus* 404 
Utah cans, 402 
Oyroeexaccine, 415, 416 
Gyroccros, 415 
Gyroccrmtcs, 439 
frdfrfir, 439 

HadrQpbyNum, 184 
Qthignyiy 1S4 
Haeckel, E., 3a 
H dimed j. iqi 
H uHoiis, 375 P 376* 380, 393 
Haiifsrca, 56 


Hollcpcnt, 250 

ramota, 151, 353 

mgOIiM, 251 
Hulysiornnui. 616 
dactylm, 616 
H*fy$fteS t 163* 164 
inhyrinthictij, 164 
Ha 3 yiitklat T t6i 
Humses, 454 
138 phdorattu, 452 

Hamulus onyx, 225 
HamJlirsth, h-* 574 
Hanna, G. D,, 57 
Hansen, H. -575 
Hant^snina j !abamttnm t 82 
HtfpiotritiiUf* 636 
die. 6lj> 61 6 

Haplocytheridea tvaNstci, 552 
H sptoph rag m 0 idc r, 66 
rorfCdrJ, 67 
Haplopore, 59^ 

Haphiphylhmi, 179 
edearijornse, 178 
HfxdoutniS, 651 
florcatis, 6$ l 

Haitliccras place nti forme, 459 
Harpaccrdf. 458 
udentc, 431 
Uvituow, 4 li 
Harrington, H- I-, 153 
H&ttrgertna pdsgica, 58 
Hayasa\ia r 161 
Head, 484, 568 
Hebtrtdfo, 302 
nnaaia,, 303 
He&eiQtrros, 423, 425 
Hrid and fa tubrugwa, 389 
Helicoid^ 377 
Hdidites, 16^ 
inleritrtctui, a 62 
HeLiolilidae, 165 
Hdipphytlum, 1S1 
A (lift, I&2 

Hdiapers, 165, 189 
etrukn, 190 
Helbozoida, 92 
Hdix, 404 
pvmatia, 404 
Hxhpora hurnri, idt 
Hrniiospis, 524 
hmuioitfej, 525 
He master t 655 
Utsnw. 654 

Heimcyfbcrt joliatmit, 552 
Henupliragm, 155 
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Hemiphragma irrdtum, Z$3 
onatvMnjt* 251 
wfjiifieidi, 256 
Hcmipicroidi, 573 
Hcmiscpturn, 360 
Hemitrypa, 262 

Hercoghssa, 4*7 
karrtii, 426 

Heredity F 36 

Hetpereddaris pmnamemis, 638 
HcsperOnee adtwUQTt 219 
HcjpCTQttkir triccrtaria, *99> 303 
Hcieracttnc, 106 
Hcrcrsctlnellida* 119 
HcCJcracoraUa. 188 
Heierodont* 337 
Hctcj-odomsda, 356 
H etc ropky ilia. 1 SB 
rttSucte j, 1B8 
Hcteropod, 398 

S3 

teXJttp, 84 

Httervirypa Htbrnmofa, 234 
HczaeoralLa, 191 
Hexactioe, 105 
Hexactmdla, 114 
tubulota, 113 
HGMciinellid^ m, 148 
Hexmtum, 181 
cvdorr ns u, 182 
rcarinata, iSz 
Hax^oncAe M 9 * 

HcxdmerotrrOS, 42 1+ 424 
Hexaphyllu 1* 188 
Hibbardella, 230 
Hibernation, 3 S 3 

jscjfcflWnVffp 

HitideeJelh, 228* 230, 234 
Hinge* 336 
line, 293 

margin* 346, 547 
plicc, 2B3 

HfppflflJffidrcoJf ntf/fittBF, 54 * 
Hippuritei, 360* 362 
Hirudmc^r 218 
ffirvdo' 218 
rrt^fj WtV, 218 
Halaster* 653 

simplex. 654 
Holcciypida. 650 
Hottttypus* 659 
plamltUf., 650 
Hattin J 55 ® 

atfjflrf? rodiata, 5ffO 


Hololh yfaida, 656 
geologic range, 659 
morphology* 585 
Ho]ot>pe h 16 

H&maiophytlum unguium. 178 
Homing instinct, 366 
Homoeodcltidinni* 2&7 
Homoeomdrph, 40 
Homocomorphyp 39, 40 
HomompirA rvax, 293 
Homonym, 15 
Horri&tryptI fiabtllaris, 257 
minnaotenm, 251 
Hood, 409* 412 
Horizon tai n 137, 138 

Hormawrno, 392 
sreittonenw, 392 
HorridoniJ iitbficrrtda, 315 
Howell, B. F-p 50S 
Hudson aster, 633 
narraivdyi, 632 
Hugfimillcna, 529 
Hu sled 10. 311 
mormam, 311 
Hyatospongca, ni 
Hyalatragat patella, 109 
Hybocrimti, 617 
eldonensu, 61 6 
Hydnacsras, iu 
pkymatodes, 113 
Hydra, 124, la?, 128 
cornea, 128 

Hydractima^ 12$* 139* 148 
multi spinosa, 128 
polyedina. I ±8 
Hydroeorallidz, 130 
Hydroid, 125 
Hydroiila, 117 
Hydropore, 583s 600 
Hydrarhiza, 29 
Hydrospire, 6*0 
Hydrotheca* 127 

Hymepopcerida, 573 

Hydrozoa, 127, 239 
Hydrozoid, 127, 128 
Hyolithes, 400 
prineeps, 4*1 
Hypcntrophie, 354 
Hyponome, 498* 409, 4 IZ > 469 
Hyponomic sinus, 408* 413 
Hypostomc, 491* 497 

Ichthyocrinuti Gm 
laetns, 621 

Idmonat rtUlgtta, 246 

Idrmtes, 222 
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Imago, 569 
imitacvraf 4 440 
rvlrtoTium, 441 
Ini manure regi^ni 252* 254 
Impressed z&ne t 417, 43** 
Impressions,, 17 
Impunctatt* 288* 29° 

InadunaLJ* 615 
lnadunate T Sea 
Inarticulate, 282 

Inter cac sedk?. Codemcratap 149 
Porifera, 114 
Increase, 169 
Incurrent canal, 102 

/ntJCfra^nM^ 328 
JflgffflJlV, 346 
Index fossils, 47 
IndoceraSt 460 
baluckLstdtitnsix, 461 
Indiicmra, 379 
Induration, 19 
Infusoria, 95 
Inner lip, 371:* 379 
Inner margin^ 546, 549 
Inner wall, t r S 
hnxciliit, 571 
Insecta, 568 
classification, 572 
geologic occurrence, 574, 576 
origin of flying, 574 
Insects, Age of, 5 
Insert, 643 
Ins tax jH6 

[nLcranibulacra] area, 594* ^39 
Intcrambulacral plate, 642 
Iflteraxea, 293, 29$ 

Inicrfactal angle, 152 
Intersepta] ridge, 170 
Interspace, 352 

Intertidal region* 2 ft 
Intervale, 543, £+4 
Intrutortion, 137, 138 
Invertebrate paWntalogfr * 
Involute 377, 4^7 
IntofattHd, 65 
cxsrrius, 66 
intertuf> 66 
Inyoites, 447 
otetn i„ 44 ® 

Irregularis, 650 
Irreversibility of evolution, 42 
lizhaduc*, ti8 
jOtaCHj/j, 117 

Isodonf, 345 
Isolate, 138, 139 
komyarliuip 335 


Isopodjp srfi a 363 
I/eropW, 589 

nWaflflffrnxjr, 589 

Iwulm, 490, 49-, 495 . 49 Q* 5 ™p 5 ]g 
figax, 499, 512 
Israelsky, M. C* f 89 
Iterative evolution, 40, 450 
compound, 39, 4' 
simple, 39, 41 

Jellyfish, 150 
ferea* 110 
teisetato, 109 
lugump 309 

lurtsama ne&mtccmtSt 315 
{urctriUi. 447 
strong!* 449 
Juvciuntim, 74 

K « ] * 433 

Keen, A- M,, 341, 3®S 
Keileiftm rnontosa, 550 

KeratnsUla, 107 
Keriotheca, 71, 72 
Kidcrlen d 133 
Kidney opening, 374 
Kingcna, 318 
ivaeoerutt. 318 
Kwnoteras OWItz*r\ 4^2 
KirJ^tya symmetric 530 
Ktr^fondm, 131 
KMnpdL, IL ftf., 90 
KnigAtma Aariiam. 350 
Kobayashi. T. t 508, 542 
Kvffntatra. 45B 
Katfo&f^ia splendent, 315 
Kummcl T B., 417, 421 

KrtiorgitWi 302 
angtilxla, 302 

L&ivchid, 146 
confers, 147 
Labial palp, 334 
Laboratory technique^ 46 
3 ti 

Lace wing. 

Lacuna, 163 
Lagena, 78 
WApeka, 79 
Atjrrten'/frfl, 79 
mkata spi rata, 79 
LagenkaCp 78, 36 
Lagtnid, 78 
lamella, ^ 146, 173 
ascending, 319 
descending,. 319 
outer, 546, 54B 


6S4 


INDEX 


LamdEibranch, 340 
Lamina. 146 
Lancet plate* 599, 6oo 
Ung, W, 

Ijppw, 431 
Ljtfweitfj 379 
Larvae, aednula, iji 
cyphonauics* 240, 341 
cypris. S5 6 . 557 

diptcufula,. 567 
mc(anaupliu5 r 4H5 
nauptiui, 4S5 
plamik, 1x4, 1x5 
proLupid, 56a 
rrochophort* 217 

veJigcr, 516, 353 
Larval ridge, 501 
Larwood, G. P. a 26B 
Lateral coses, 239 
Lateral Sint, 15a 
La ti Lamina, 145* 146 
Latu5 F 557. 55« 

Laudon, L. R. p 614 
Leaching, iS 
ixfliLT, S43 
JSrKamrabr, 544 
fw/frjajnrtrtidinid, 544 
Lee/Aif}/Mr* 220 
Leg*, 56a 

thoracic, 500 , 501 f $45 
walking 520, 525 
Lri&cidtiri^ 648 
/icmigran&sul, 647 
Lrittfcma monrodt 256 
Lcmdvrella, lid 
£Xp{ittsa § 109 
LeiQrkynthus, 316, 317 
317 

Lcnul pit, 494 
Lcf m. 554. 55^i 557. 55 s 
kitii, 55^ 

Ltptfdftia jahuliUS, 550 

Lcpuhtia ate 5.44 
LrpidocQfcu r, 658 
sarlti, 658 
LepjdoL-yclina. 83, 65 
F7f£MrW/i', 84 
/^ru^urra, 84 
Lepidocytfw, 316 
zapax, 317 
Itpidolinii' 74 
mtil&stpUstif, 73 
Lepklapteritla, 574 
Upz^na, 3E3, 314 
rhQrtbcidahi, 299* 313 
Leftodus amcrizmus. 313 


LcptograpSut, 14O1 I4t, 143 
Ltpititrypx disttiidca, 253 
Lxpiotryfella aeqtufbtHs, 

LftiCOdord. 190 

Leuconoid* ioi 
Urh*j r 513 
UckmarW' 160 
Ucscgang rings, 21 
Ligaments, 33S 
alivineuSar, 340 
duplivincLijar, 34a 
internal, 340 
mukivincutar, 340 
pamincular, 340 
Ligoriodma, 230 
Limn, 339 
LsntiStiitd, 400 
staphQidcf, 4&1 
Lint ax. 404 
mliquorum, 402 
Utniilat. 515, 533, 514, 516, 5iS 
pciypktmtit, 525 
Lindberg, R- Gm 566 
Lindsiroemtlfo, 288 
aspithum, 289 
Lindjirocm&rtfiiij. 413s 425 
Lindstrom, G- F 495 
Line of concrescence, 546, 549 
Lijicagf, 39 

Lingula, 178, 2$o* 281, 2% } 287, 322 
tnatina* 287, 290 
Upidula, 287 

IJnguMia, 286 

ACHmituiA, 287 
ampin* 287 
Linnaeus, C-, 14 
Umproductw, 316 
prattinianiu, 315 
Liomrtopum. 571 
Liostmcus r 504 
ftnnairjiani. 503 
Uasirta trrtgulsnif, 354, 355 
Lips of gastropod apertures, 379 
coiunvdlar, 379 
inflected, 379, 380 
inner* 379 
□uEcr* 379 
parietal, 379 
reflected, 379, 3^0 
Lira, 333 
Lisitickorutejf 314 
gtini(zianus f 315 
Ltstrioia&ut peteici t 219 
Lbif jiiiii* 288 
Lidibdda, 107 
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Lithofacies, 3& 

LiihmlrQtion genevieveniii. 183 
LithvilfQUonttt*!. t£t 
mfffafut. 183 
Lithotkamnitim* 202 
Littmira, 390 
lisiQFea, 27, 583 
LiWfr/. 417 
l-Liumainc, 416, 417 
LiruoHcae, 66, 67+ 84, 86 
Ijtuo1idi T 66 

Living chamber, 40$, 41*, 430 
Labatc, 137* ijS 
Lobe, 433 
adventitious, 434 
tmiilkry, 434 
dorsal. 434, 435 
Ertt lateral, 434, 435. 455 
second lateral, 434 
umbilical, 433 
^62 

Loculus tJ9 
Loti go, 472 
473 
473 

Loligopm, 472. 4?^ 

Lonf h itJtrta , 230 
Lomrhodomas, 513 
hiilh' 512 

Longitudinal section* 251 
LffwrJja/eiu, 171 
Lonsdaleoid retreat, 171 
Loop, 283, 298 
ecntronellifarm, 320 
growth and metamorphosis, 319 
Lopadolith, 5-1, 

Lophopbore, of braehiopodsp 379 
of bryozoans, 240 
of phnronicEsj 274 
LapAophyitidutmi, 184 
pToiiftrrum, 185 
Lophophytlids,, 1H4 

two, 57 , 93 . « fi 
Loveiip S. L, p 636 

I^Qroconchii dflAwnMifp 55 2 
LrfLi'^L+ omdbrfafif veniritofM* 35^ 
/jin^/^enmi;^ iw 

LoivMntf. 220 
Lumen, 606 
LuurriuniH 247, 248 

Luiiuk, 336* 338 
LychnLkid, 114 
404 

£ctt*£ttt#rnj£/ P 402 
f.yrJ.ruii/iJ, 56 

Lyraptttttt, 331 


Lp'opora, 262 

qliinat7}LixiHfj 259 

ranafcula, 259 
Lyt&rriocirrdt' 457 
LjrtoeeraEinap 453 

Machaeridia s 658 
\tocfcnsia, 153, 195 
cartaih, 192 
Modern te/ # 394 

394 

Maduritoid, 394 
jWflfrajffrj 653 
eJkfflwJr 654 
jWflfrorAe^ 564 
Macula, 250, 491 
Madreporite* 583, 631 
Mabcologist, 325 
Malaeottnca. 561 
fresh-warer, 567 

Mm, E>'r 89 

ftfulacystitei mttrckifvni, 593 
MatlbiiSp T. R, 36 
Mamchn* 145. 641, 643 
imperforate, 642 
MarvlidatNreTdf, 424 
Mandible, 54 S* 5 6i 
Msntiatfrraii 439 
439 

Mantle, 280. 326, 372 
Maude lobe, 4H 
Manus* s&S. 5^ 

Marginal flange, 492 
Marginal furrow, 488. 489 
Marginalia. 631 
Afarfin^^rnij 8j 
MTffMtF, 84 
MdnjrJin/M 78 
reruns, 79 

Marine environments, 28 
Mtirfiipitel MfnrfiPi«j* fii? 

Mastax, 217 
MaHigophoTi* 53- 55 
AfulAfrf^ iasitfogsnsijt 394 
Mature region, 242* 254 
Maxilla. 445* 562 
Ma&dlipcd, 562 
jlLfuror/j^flertf, 92 

Mcandroid, 193 

Median septum* 283* 295, 296, 319 
Median suture, 639, 642 
IL/fd'/ifojM Mt^irip 444 
Mrdusoid, 123 

Mee^r/^d rfriii/ffeo/liJJiT, 264, 313 
A/f^KM, 447 
graciisSJlit, 448 
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Mec^wpim, 396 
prrtftutd, 397 
Megafossils, 44 
Megasctere, 104 
Mcgiftacrintu, 614 
norfojus f 633 
Mtfim 1 JHfiinYfcAr, 339 
Afc/oQfd&Ulitf,, 646 
646 

Afemfrwjrporor, 241, 266, 267, 26S 
Mende! d G J+ 

Mcros tomata, 511 
Mem*, 563 
Metal is, 39 6 

martinezcnsis, 397 
Jtriatlm gmniriata, 397 
Mesenchyme, 100 
Mtsenteryp 123, 156, 157 
digestive, 194 
edwardssan, 194 

MesocoralUic, 163 
Mesoderm, 314 
Mesogascropods, 391 
Mespgloea, ion 
Afcrafeto. 314 
mcioiobiu, 313 
Mcsonacidip 504 
Mejonuds. 493, 504* 506 
/nrniGH//,, 505 
vernron tana, 305 

Mtsopore, 247, 250, 252 
Mcsosom^ 520,, 527 
Messina, A, R, T < 5 o 
Meidrypris afiguldrij, 553 
MeArfegwVw, 440 
eroiulttm, 439 

Mctamere, 318 
Metamorphosis* 569 
complete, 369 
incomplete* 569 
of arthropods 4S4 
of brachiopod^* 280 
of bryozoans, 240 
Me w o rn *, 520, 537 
Mcuzna, IQJ 
Mrfwocffw whiter, 461 
MririJrtrrtf* 192, 193 
Mirhciinvcrrai, 415, 431 
rocji/e H 422 
Mkhclinoceratidsp 431 
Micruforaminiftrs, 63 
Micropalctmlology, f 
Miercpore/ffl d/rote* 271 
Mkrosdert* 104 
MjcrarpwTgra, no 
fibroid 109 


Midline, 152 

Mi dumbo rial line, 347 

Miliary granule, 641 

Milidieae* 76. £4, 86 

Miliolid,. 76 

Milled ring, 636* 638 

A/rtfe/wra* 130* 131, 148, 239 

vLiCornis, t$Q 

MiiltrFOridmm* 149 
remedy 150 
Miller d Hugh, 530 
Miller, l S-, 615 
Mitlerrfld, 61, 69* 75 
Millipede* 577 
Mjnwcw, 462 
hfirajpa, 495* 51 ft, 573 
mtra, 494 

.MijrAapA-nx, 37^ 571 
Mittlla, 556, ^37, 559 
AflXOp/irjriCF, 328, 529 
Modco/opiWp 347 
earfe/Zorj,, 346 
Modiamarpha, 347 
Mold, 18 
Mollusca, 325 
classes* 327 
classification, 320 

composition and structure, 327, 328 
Molluscoidca, 243 
Molt stages of trilobltes, 502 
holaspid perbd* 502 
mcraspid period, 502 
protaspid period* 502 
Mdojieoncllida, 107 
Mouaxnxi, 104 
Mom I if of m* 254 
Manobathrida* 624 
Martatyatiriis, 119 
Monograpud, 135, 139 
SfortGgrxpfiif, 140, 142* 143 
McmomyariafL, 355 
Montniga, 56 
\foitQtis subarrulinij, 346 
MojlCIrypa beajamims, 256 
tumuiata. 253 

MonotrtrypeUa aeqtialit t 257 
Monticule* 250 
M&nncidipQT(Tj. 250 
arb&rea, 256 
fflSFnmiJfl/dj 251 

MontEculiporoid Controversy* 250 
W Qrtiiivaltia, 198 
norreo, 200 
MontyocermS, 422, 425 
Mooro^ R. CL, i53p 6(4 
Mcoreoeerat, 421 , 422 
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Morphologic equivalents, 40 
Mart&rikmUi 460 
fhosJfQnwfif. 459 
Mothcr-of’pearl, 328 

Mouth, 157, 334, 37*. 374. 4*9. 5*5. 
5*7 

hfutrotpirtfer, 307 

mucrofiiifuf, 308 

Munier-Chalmas, E, C. P. A. f 338 
Mwfl/Jcfwrw paroilehtm, 441 
Mural pore of fusulinid^ 71 

MltrrX cMpdamii. J 97 

Muscle band, 158 

Muscle scars, of brachiopcKk 282, 2831 
accessory diduetor, 3H5: adducror, 282, 
183; adju^or. 2§3; diductnr. 283, z&4 ; 
pedicle, 283; pedicle adiu5Hjr p 283; 
protractor, 2B5 
of ostracodcs. $46 

of peiecypodsp 336: anterior adductor, 
336: posterior adductor, 336; f®- 
tractor fc 536 

Muscle track, 282, 283 
Mutation theory, 38 
Myd, 332, 339 
arenaria. 358 

266. 267 

AYyj/j : flLj r 347 

»pn* 349 

jjjjJid, 349 
/ejtfj. 349 

miJJ/V/iJTU, 349 

jNrtjMiw, 349 
ivyamingcnris, 349 
Myc/odffltfyiW. fioh. 617 
{cyjtrenui. 618 
Myrnia, 107 
fluvial it is, 108 
milla M 10S 
Myocoetc, 222, 123 
Mympoda, 577 
gtobgic distribution. 576 
MyrairtireAej, 646 

Mydloid. 345 

332, 340 h 347 
Myiuspongidap 107 
Myzostoma, 220 
Myzoitama, 219 

NaJiCinris liurtzi, 56$ 

NaiaditeJ s 362 

carbonariui r 381 
Name, 14 
generic! U 
specific, 14 
trivial, 14 


A Wed. 396 
precursor. 383 

Naueoid, 37^ 377 
Natural selection. 37 
Nautilkonc, 4*6, 417 
NautiHdsp 424 
Nauriloidea, 411 

Navtifut, 408, 409, 411. 412+ 41^420, 424. 

417, 4f>4. 47* 
pom^wj, 409, 42S, 427 
JVfiu/jtf, 563, j 5 s 
Neek, fijl 
Nekton^ 29 
Nema. 135* 136 
Nemai helm ini hes, 215 
Ncmaiocyst, 124, 123 
Nematochcca, 134. 135 
Ncmodon, 343 
grand**, 344 
Ncogastropods, 391 
N cdbonwdiQphylfiim, 1S1 
simplex, 183 

Ntcirnui pugk, 510 
NcoJimuluS, 534 
Mcopiiirta, 389. 390 
gflimArdc, 389 
Neopicrka, 573 
NcoshitmardlSCi, 443 
Neoipirifcr, 307 
triplicate* 308 
Ncotrcmida. 2S7 
NcotopAreniis, 179 
tenths*. (78 
Nephridiunip 279 
Nerridavuf, 222 
Ncreiii 221 
Ncrinaca* 381 
trachea, 382 
Ncrila lampacriiif, 382 
Nmtifia, 382 
Nerve commissure* 372 
Neumayr* M., 338 
Nturopterida, 573 
Neunopteroids, 573 
Ncusmti. 51 

NtfadacyalhuS ifptaporiti „ 119 

Ntvodia, 506 

505 

Navditel* 447 
wkitneyi, 448 
Ncrcrita duplicate, 378 
Nippanilclld, 68, 69 
Nippani’.ei, 454 

’NodmmHfo, 8r 

prnscistriata, 80 
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Ntidosaria* 62^ 78 
fatejvgata, 79 

obhtfiiiita, 79 

Nomenclature, 13 

hi nominal, 14 

Nomotitifa cockfirtdmsis, 81 
Nonrecf corals, am 
jV osiQCtt&f, 454 
crossnm, 451 
j/oirKMiriv 452 
Notch, 379 

332 

Nutfeocnnm, 604 
Fcrrtf uiJi, 603 
Nucleus, 58, 59, 373 
JVwrfi&i, 34a 
Nucuiana, 333, 34a 
acuta, 342 
Scnuria, 341 
Nuculoids, 34 a 

gtrtyit 34a 

Nummttlitrs, 6 ^ Si T ftj 

84 

Nymph, $69 

Obconical, 376* 377 
ObolcUo. 320 
Ob of us, 286* 287 
crf/d/nj. ±87 
Obovate, 376, 377 
Occipital furrow, 490 
Occipital lobe, 490 
Occipital ring, 488^ 49a 
Ocellus, 494 

Ochcioitfla jacks on K^ r 37s 
Gcuctinc, 106 
Oe&MrrattW, 424 
OcEOCoralla, 188 
Ocfantcnf, 558 
Octopodida, 474 
Octopus bairdis, 475 
macropus, 475 
piscuSorum, 475 
198 

muniUppitndi, 200 
Otulo-gcnital ring, &12 
Ocnrfltfrl, 222 
Oesophagus* 124, 157 
Qistoduf, 228, 230 
Okiiliich, V, J., 186 

OUntUoida ssrmalus. 506 
Otencalhyrit, JI S 
harhni, jtS 
Oligopyg ut, 654 
h&ldemam, 651 


Qlbcttd aFabamcniis, 395 
Ommastrtpbfi, 472, 476 
itfmbrams, 473 
OmmaxMIurrip 493 
Omphahtr^hiu cathmnsu, 378 
QncoCcrai. 417, 421 
OflcoccraCads, 421 
Ontogenesis 31 
Ontogeny* 30 
Onycbocriauj, 6ao 
uirirhi, 621 
Onyehophora, 4B7 
Qiiychoteuibis. 474 
btmksti, 473 
Oocvium, 240, 263 
Ome, diaiomaeeQUS, 95 
globigcrrnc, 94 
picropodp 94, 400 
radiolartao, 94 
Opercular membrane, 558 
OprreufwQidtS licksburgcntis, 84 
Operculum, of balanitis, 558 
of bryooam, 263, 267 
of dkdkenrtes, 525* 527, 528 
of cueJenrcraies 168 
of gastropoda 372, 3831 384 
Ophsuroid, 58$, 632 
Uphsurokka, 633 
morphology, 585 
Opistbubranchia, 399 
Optsihodintp 345 
Opisthudeiic, 33S 
Opisthogyre, 333 
Opisihoparian, 496, 509 
Orad, 430 
Oral surface, 157 

Ot bidden dm, 288 
miiiouricnsif, 189 

Orbitnids, 86 

Orbital in ids 86 

Orbit ft mitet, 601 p 604 
norwoodi 601 
Qrbutma, 62* 81 

universe 82 

Ornamentation, antispiral sinus 3*4 
costa* 293 
CQsreilum, 293 
Ulum* 292 
frill, 292 

growth line, 1$ j, 304 
lamella, 292 
nodose-reticulate, 385 
of braehbpods 292 
of i^uupqds 3&4 P 386 
plica, 191 
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Ornamentation —Continued 

IXtfcubtC, 3 ^J 

mg2 t 292 
sinus, s%4 
spine, j£± 
spiral, 37I. 3 fi 4 
spiral sinus, 384 
transverse, 371> 364 
OtQph&ertnHf, £m>4 

&JI, 603 

Orthiese* 302 
Orthid brachinpwlss 3102 
Orthim, 302 
QrtJkis , 284 

nkto/ir* 303 
Orthoccraconc* 4i5i 4*6 
OrjAflCmj, 414* 415 
trust cstum, 418, 4x4 
Orshochoaniti^ 42 a 
Orthogenesis* 41 
Orrhngyre, 333 
Onhopferoids, 573 
QrthestrQphi$ f 302 
rtrophorntnaides. 183, 303 
Grrhostraphte, 394 
Orthatetes* 312 
Qstule, 102 
Osphradi um a 375 
Ossicle, 584 

miernsE nurture, 585, 566 
Ostracoda t 545 
appendage 54s 
dimorphism, 549 
freshwater, 555 
terminology, 546 
Qstrea, 328, 352 
grmiitsta, 352 
ntan r 353 
virginka, 353 
Ostreoid, 351 
Quota proiifxai 219 
Outer lip, 371, 379 
Ovarian impression* 2B0, iSf 
Overlap, 547 
Qvicdl, 140, 263 

447 

448 

Ojfy/rapicfarerfli'a 460 


PatA>jjkhi fcriptum, 109 
PflcAypAyf/irFrt* 181 

180 

PothySculAis, 466 ! 476 

dm Sut, 467 


Paedcurrttiit, 498, 506 
re^ufleiuifa 506 
498 
509, 515 
efyifiiW, 5»7 

565 

Falacortopttfi 474 
fiewM, 475 

PalarOpanfGput maufktff, 531 
Palate phonufr 533 
himferi, 53a 
nurtciuf, 532 
Palacnrrcrnkla* 301 
Paleobotany, 1 
Palcoecology, 2 
PattofaeGiiitft 165 
atpera t 162 
Paleontology, 1 
methods, 21 
Palenpiertc*, 572 

PaleozrwtagY- 1 

PaJicolLimelh* 173 
Pallia!* cavity, 372 
complex, 372 
markings, 280, 283 
sinus, 280, 336 
Fatfistri* rofrusta, 194 
FnlmaSoddfa, 230 
PalmatoUpif, 330 
Pa tpehral lobe, 496 
Palynology, t 
Pandtrodtita, 23* 

Paratonuiana r 153 
fnisfvurieftfii, 152 
Paracyprii dtntvnenstj, 552 
Paradtiatritrul sukpiamus t 619 
Paradox of the Trepostoms* 355 
ParadoxidtSr 490, 499 
harlani, 498+ $i& 
Parafniuiina, 74, 75 
flOMiren^ 73 
Paragusifk cavity, 102 
Farairgtttrsf ttsanuni, 439 
Parallel descent, 39, 40 
Faraliciadort. 343 
rugajum. 344 
Strntislriartif. 344 
Paramottium. 93 
Piiranomia. 345 
srabra, 346 

Parapat/tydhtuj, 436, 4^ 

Para past hilts tytloptus, 550 
Para podium, 218 
parasrhuuigerina fasten, 73 
grgjnrin, 73 
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Pams mill'd, 199 
austinenm, xoo 
Para 743^ 102 
Pail«, 1 rS 
Parietal Up, 379 
Paniloerinus {ftmpatfut, 618 
Patella, 37^« 39 1 
PatcIlLforn^ 37^t 377 
fttiri/jfla corrugate, 58 
Fatelbid,. 391 
Pdtfdrrtjjfl, 387 
hells, x$9 
Pearson, J. C. p 38® 

FrrfCfl, 332* 351 
circularii var, aegpirtifrd/Kf. 35* 
eitteUmnui, 3£i 
AfflTpAjJtf, 350 
jeflerjanria, 35a 
madisoniui, 350 
pecJ^Amrrd, 33a 

350 

PcctcnoidSp 347 
morphology, 353 
Pectiniihomb, 591, 59a 
Perid/on, 117 
Pcdkcrllaraa, 585* 586, 63ft 
Cerrttte, 141 
Pedipalp, $ 2 Q 
Fciispalpidx, 533 
Peduncle, 357 
Pediincuhte, 554 
Pelagia eyancua, 131 
Pdccypod adaptations, 33a 
burrowing, 33* 
mobile, 332 
sedentary, 35 a 
Fdecypod teeth, 337 
cardinal, 336 
lateral, 336 
Pdeeyptxb, 331 
adaptations, 33* 
anammy, 134 
deification, 34a 
dentition, 337 
external features, 333 
geologic d'umbution* 364 
gill*, 334* 20#. # 
internal skclecd features, 336 
key, 341 

Ugamciuf, 33 B a 339 
nonmarine, 362 
sculpture, 333 
terminology of valves 336 
Pdrna, 268 
Pelmatopora, 26S, 269 
Pclmatoxo^ 588 


Pempiicydut or&m, $44 

Pen, 471 

Pendent., 137, 138 
Penis, 37a 
Fcrtmtula, 189 

aculeate, 190 
Penraerimdj, 625 
PttUQcnmsei, 616 
whiter 625 

Pemamcrai symmetry, 3B3 
Pcntarncriu* 305 
Peniamemccrat, 4*4 
Pentemerm, 316 
laems r 305 
Pentremiter, 604, 605 
an gust us. 603 

emaidem, 603 

godeni, 603 
pyriformu, 6 w, 603 
iulatfw, 6*J 

Perdiiottirdittia dubh, 304 
Penarehm, 653 
lyelii 652 
Peridtmum, 56 
Pcndu?niSes nufieulii, 587 
Fcrig&stfella plana, 371 
Pcrignaibie gridle, 637, 644 
PeriodLiracLimp 327 
PenpaiQidcs. 4SS 
Pcripatui. 4S7 
Peripheral surface, 606 
Periproct, 592, 642* 643 
PcTisare* 125 
Pcrischpcchirioifia, 645 
Perm, 339, 340 
PeronideUa metabrofi ni t 11$ 
Peronopm, 508 
mantii, 5117 
Pem rates, 443 
hiih go nidi, 441 
kdlt h'iUi, 44a, 443 
Miti multtfiriatus, 442 
hrfh tardus. 442 
Petoioertnus, blip 619 
rnirdbiltS, 609 
Pomerania, 28B 
seobiota f 2S9 
Phaceloid, 16S 
Hixopj. 491, 515 
f riftoia, 499 
ram, 494, 495* 5*7 
PhaLingidi, 5^5 
Phaneromphalus, 378 
Phanero^ama* 633 
Phdtte, 157 
FkiUipsia, 490 
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FUladi^a. 33*. 357 
penitm, 359 
Pholadoii 357 . 

Fkdidscktnm brauw* 637 
Phoronida, 273 
Ph&ronis tirthitt£ta v 174 
Phragmocerai, 415 £ 

Phragmocptne, 409, 4**> *Z 0f 4^5? 4 b 7 
Phylictokerrala, 241, 245 
PAyVtafdftfAa#, 648 
r , 647 

Phyllocafids* 5^3 
PAyffswfrtff* 

groriTrcvfafuffl; 45 1 
Phylloecraiina, 451 

Phyllodc, 641 

Phyilograpttu* 14*, ■ 4 1 + M 3 
P^/opsrtfla, 2&0* 2fil 
fljm'fwtf* 258 
whlts.ta, 258 
Phylogenesis 31 
Phylogenetic tree, 39 
PAymMrn*, 649 
1 rTan urn > 64-91 
Phyta gyring 4112 
PAysatia, 132 
OTf&Kftr* 132 
Pi/oni, 389 
UflgCWj 38® 

Pillar, 146 
Pinna, 32® 

259 

Pinnule, 6 q8 

Pi/CMTl JTifJ1 617 

quinqueto&US\ fiifi 
Filar, 356 
PtocenitcmU, 460 
merJ^T, 461 

Piarsiotnyt suPtftfadrtifS, 2 * 3 t 
Piagtogtypta. 365 
canna. 363 
mt^^runfftn, 363 
PianunH r 21$ 

Phnispiral, 377 
Plankton, 39 

Ptanocapnna traptvQwt ** 3 ^° 
PUnuhna myforcnm. Si 
Plajnwdium, 93 
Plate, ad ambul acral, 594 
ambulsCHL 631, 633 
basal, 599. 
brachial, 
deltoid, 599 
gill, 527i 5- 8 
hydrospire, 600 


6*1 


Plate —Cvn tinned 
outer side, 599 
radial 5 W> 
side. 5W 

underdaneei, ™> k» _ . , . 

Plane*, of erinoids 6m anal. fiia. 

hant p 611, 614% eenirodorsBii 624. “ 5 * 
infrabasalp 611, 6 m; imerbrachbl £1* 
614; iiua^uftdibfficbrtal 612; i^ter- 
Tertibrathij!, 6iz; oral 613: prtmi' 
brachial 6sOp 614; qiwdfibrachial 6«v 

614; radial, 611, 614; . n ; 

rosette, 624* securidihrathialp fiio P 014; 
terribrachLal 6«V 614 
of eehiooids, 639: tt^aMid, 

oid, 6391 compound, 640; dsadertWld. 
640: eehmoidp 640; genital, 642, 043; 
madreporise, 643: 6 ^ 3 ^ 

porotiv 639; polyporous 64*; a,m Pl e < 

640 

Platform, 297 
Platform conodoncs, 231 
parallel evolution o# K 233 
Ptetyciymenia amtneana, 443 
Platytrintfcs, 6 f6p ^° 7 > ^ 

hcniHphrriau, 623 
Platyhelmanthe^ 214 
Plgty&jtQma lini-ata, 398 

PUtyr&cktlia, 307 
Qwcni. 295, 3 <> B 
Platystrvphia, 302, 3^7 
ariitiiiw Is, 3 & 3 
PJarflfnuwJ flj&fJtf/, 6s 8 
^/e/rfflduwkridj Si 
at}i}antita r 80 

Pkrtrfrtocer&i 416+ 4 »®p 4 21 
pimspAy^«t»- 185 
4j*jrriiJc r *85 
Pleural, angle, 371, 377 
furrow, 488, 491 

lobe, 488* 489 
ridge, 491 

Pfeurobrachia rhodt>diiciyin T 207 

Pleurocysti, 264 

pfewTxyjtWcifr ssfif 597 

ftltU-Tttf*. 597 
Pkuron, 488, 491 
Ptatrvifim&nX' 391 
dddflfOJTisditd, 392 
PlcurotomarioidSs 392 
Plica, 333 
Ffuralaityitif' 357 
360 

pjWcropr minttir, 512 

P/ufflJfW/d. 141 

Pnemmtocys*, 13^ * 3 ^ 
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PncumaraphoTc, 132 
Fati!fop&ra r 197 
eydotm* 198 

Poecd jurnltf 55S 

Folyaxon, 106 
Polychaeta, 21* 

Polycodiids, 184 

575 

Po/y^^cd™, 74 
afgkafntrtffSt 73 
sfiumiirdi' 73 
-VerbccJtfna zone, 75 
Folygnathid. 230, 232 
Polygnathus. 230* 13ip 234 
Polygcrdius, 318 
P&iygyra t 404 
Motefirif, 402 
Poly lop hodonta r 23ft, 231 

Polymorphic, 132 
Polymorphiru a H 62 
Po/yrt/fc/, 356 
tarcrj, 398 
Polypidc, ajg 
Polypoid, ti* _ 
jPotyjWnJ 259 

Potyzoa, 243 
FomatoeeraSt 225 
Popanocrrus, 443 
hawmatti. 442 
Pore pairs, 639 
Pore rhomb, 591 
Pores, cchinodcrmSp 5S6 
ediinoids, 639, £42; bUcrial, 639; cooju- 
gate, 639; multi serial, 639; unbcrial, 

fusu!mids h 70 
mural, 71* 159, 165 
oral, isjp 124 

Onracwlcs, 546* 549; normal, 549; 

radial, 549 
Sponges, iD2 
Porifersj 99s 1 c6 
chssificauon, ii^ 
geologic distribution, 120 
morphology* 100 
skeletal structures, 103 
Pontes, 198 
pontes, 199 
Paroertnus, 618 
ranicus* 617 
Porofp&ra gigantea, yi 
Porpttef, 184 
Porpitidsj 184 
PpntlQUJJ fracia, 350 
Post-dioraek segments* 493 . 595 
Posterior canal, 371 


Posterior platform, 229 
Pouftales plan, 200 
Prxcdar&rlilrt, 445 
culmitnm r 446 
Prafkpas, 536, 557 

PraSoponl StmuldirtX, 253, 256 
PreglabclEar furrow, 4B9 
Prencripital furrow, 490 
PriGmodella, 228 
Prioniodid, 230+ 232 
Prionfodina* 228, 230, 233 
camcrattf 233 
PTioniodinid, 230, 332 
Friomadtts. 128, 230 
Prionocydm, 460 
PrioiiotrOpif wmlgari t 459 
Priority, Law of, 15 
Prismodsetya, ill 
prismatic, 113 
Prismopora. 247 
trifolia, 246 
Prwrthropods* 50S 
Prohotesdtrlh probmeidta, 315 
Proeboanitkp 432 
Prodigality* 36 
ProHissoconch, 333, 335 
Pradramitei f 445 
gwhi' 444 
FradryjS' 571 
ProdtuteUa, 316 

ipinuhcostei i 315 

Pfoduciicae, 314 
Productids, 314 
Produttus, 316 
mirienm, 315 
Proctus* 511 
naradati 512 
PrOfsAStdincUu, 74, 75 
mtirida, 73 
Frtdctanites, 44^ 447 
disc aides. 444 + 446 
Protccinitina, 445 
Froloeuliis, 61 
PitBstracum, 4)65, 467 
Propariai], 496, 514 
Propodus, 565, 566 
Prorich tkctfctiw, 315, 316 
PrusabrarKhia, 390 
Ptraoeline* 345 
ProsodeMC, 338 
Prewgyre, 333 
Pftftomj. 530 . 525, 52,7 
Prxrtara&tHites. 322 
Fr&taroCnnuSi 6 20 
tUgans, 621 
Protegutmn, 180 
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sch mi dli. $93 

pivsertupangia, ?6 T 57. ™ 
Prothoracit (bp p 57 ° 

PrQiOta niteS lyvru, 444 
Pmtocarut cram, 534 
Prwmdonch, 373. 4 ° 9 + 4 *** 43 ** 

PrOLOcdunl* 141 
Prorogaitroppcb, 3W 
PrHir-D^A^rJrJ, IJI 

Protosepta, 17^ * 74 * ^95 


fflOFiofflfra, 113 

Protozoa, 51, 53 

classification* 52 

economic mkfopakofltolqgjfi 9J r . 
slr-iLigraptiic: disstibution w foratnim- 

feri 8fi 

PHtirachytcrtt Uconici, 449 
Protrematouv 300 

Ptotrcmida-TcInirccriJaj 3 M 
tfttmdmrn t 560 
FjdHIfflrtrArtflU, 649 
pAj/ffflfAj'oprri; 649 

5 °® 

Pj,rudflmitf/.ronJ h 35* 

Fjettdafeoccras* 4 3 3. 4 2 4> 4^5 
PjciK/riCftcria ffflffltfri/i, 544 
mu/AfCMfffUj 544 

Pscucfoantffloniies, 443+ 477 

FseudoocraEites, 4^4* 477 
Pxttdjocrinices afat&rmirfift 595 

Pieudofowili, 17 

PurudorncwotiS' 348 

ra&uJtd, 35 & 

PtCtiiiopar^JjtgoceriU 44* 

Pseudopodia, $& P 59 
lobow, 59 
r^inibLc, tio 
Piciidopuiictatc, 290. 291 
PjeH^Qr/AcNTfrd/, 4*4+ 4 1C 
%noxense, 4^2 

Pffudoschw*gtn nJ t cb* 09, 74+ 75 
gtrcntit*, 73 
PitnnQptCtirt * 348 
yndajus. 35a 
PteTtKephft&M 5*1 
inlit-epSr 5T* 

Pterapod, 4M 
Pt^roiocrinm, 624 
AiYarnff^Hfi 623 
ctprMtf. 623 
Fterygpta, 572 . 

p/erygomr, 5*6^ S 3 ®* S 3 ® 

Fftfodiroa magnifica, *&■ 


Fulmanaca, 400 
Puncfa, 190+ 49 * 

RlJJl Cti Ef . 290 

PunciDspirkati 310 
Punctorpirifer* 310 
fidthtr, 311 
ttansetffus, 295, 311 
Pupa, 5&9 

muscoTum, 402 

Pupaeform, 37 ^p 377 
Furfur*#* 325 
PycnrOgor ida, 531 
Pycnoganum iffpmfj S 3 1 
Fygatftr, 650 
650 

Pygidium, 4&&1 4S9 
PyrgQ, 7S 
wmato, 77 
fixhcri. 77 
Pyrguliferu, 398 
AftfflfroJtf, 398 
pyritbitioji, io 


Quadrants, i68 p * 7 *> 
Qttmqufloculina, 63, 76* 78 

77 

lam«rcJjiana M 77 

Radial canal P ^31 
Radial diagnosis. 615, 62 ^ 
Radial irunk, 609 
Radiata* 584 
Radiation, 39 
RjidioTarian earth* 91 
Radiol ariida, 91 
Ridiobriitj gi 
RtutiaUtir, 360, J02 
Raduia. 32® f 3 A 411 
312 

d/fefffflfd, 289, 295 > 3*3 
Ramuie, 608 
Ramu-i, 607 

R&mki t 137. ] i s 

Raw, F. § 50a 
Ray. 586 

Raymond, P- E ti 195 
Recapitulation, theory of* 32 

118 

m&mrrttUarij' ny 

ncptum r ny 

1x7 

otvenii 117 
Reclined, 137, 138 
Rcct&bohvina. fix 
ffltftfjreurjT, 80 


Red tide* $$ 

Reef corah* 2*33 
Reesiddfa, 398 
ReguEaria, 645 
Rejuvenescence, 16$ 

Rcntitlatna, 317 
warykndita, 318 
Replacement, 19 
pcnKontemporintoiiit 3 q 
Replica, tS 

Reproduction, asexual, 53 
sexual* 5 2 
Re^tetma, 36a 
pategiat<i> 360 
Restlifer T 340 
Re; ilium, 340 
Resorption, 382 
Reiser, C. E>, 508 
Rtsstrrfla 304 

Retards non, 3S7 
Rcttocrjtwi. dsi 
ontaih, 

ArAodiaflw, ji j 

Spinusn, 311 

Reticulate ornamentation, 293 
ReLrocHpaniric, 419 
Reverse face, 360 
Reworking, 336 

63 

K^^ro/ d 450 
TMSClti' 45O 
iurlii, 450 
Rhabdolith, 54, 55 
RAjdapitttrg M 144 

Rhadosome, 133 
Rkabdusphaera, 55 
Rhahiiostiihiii bmhoti, 544 
Khagtfitiid, 103 
R&smp&orkytKAuM, 570 
Rhmidtctyn ntglttti j, 261 
Rhipidomtlia ourtni, 304 
f^Annsf, 299 
Rhizopoda, 59 
Rhomblfcrida^ 594 

jfpr/odflti/wdrjp 259 
Rhsmboptcnl, 348 
juira, 350 
EAom&jfrypff, 250 

25 r T 256 

/JAo^y/eHtfr/a- j/f 149 

RkynchoUthcs, 412 
Rkynek&ntlia, j*6 
Rhynehonellina, 316 
315 


RAynrAofma, 316 

fTTOcrfftfjfd, 317 
571 

Rib+ 492 

RtcAiAnffttia, iSi, 316 
Ring canal p 63 1 
Rizzo di rner, 635 
RoSuJuf, 78 
euglypAcm, 79 
Rootlets* 167 
Rob, H r H.p 570 
Ro&trospiricac, 310 
Rdttnjm, 431, 497, 49S 
Rotate, 63, £1 

Ratalncac, Si, 86 
RotaLkid, Si 
Rotifer, 217 
Rudistodds* 337 
invej-icd, 337 
normal, 357 
Rticdtmaim* R rj 133 
Ruga p 170 
Rirguss, 166 
classification, vfi 
external features, 171 
geobgk bi story, 1S5 
internal structures* 171 
key, 176 

jnorphplo^ie irends, 1S7 
ontogeny, 173 
Riiftjtna defoliate, 384 

RfUitifa tdsont, 3nz 


Ssmdhm^ 555 

571 

Saddle, 433 

first lateral, 434^ 435 

lateral, 434, 435 
ventral, 4** 435 
Sagemtfjimda, 620 
Szgtrtocnniirf, 6 jo 
d'er^ir 621 
215 

Safeninj 649 


SaEfdd, H rp 4o J 450 
Sstph\goczt$j 56 
Sand dollar, 654 
Sm r 304 

hirsute, 503 
Sarccde, 57 
Sarcodiita, 57 

Saxofturina tinedouta, 358 

Statehinritt' 31^ 3^ 
St^ 304 , 390 
pttroiia, 398 
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Saalprlfam, 554, 55^ 557, 5 S a 
Scandcrtt, 137. 13® 

Scapkitet, 454 
JtippQcrepit, 453 
tarc’de form is, 454, 455 
Uti van parvus. 453 
i ^ntrsccsm, 455 
mrtm, 454 , 455 
Scaphitid cvoluuoiij 455 
Scaphopoda, 362 
Sctncifo, 389 

$C fit SfQC CTOS, 440 
mif 5 Gimrt!i? r 439 
Srhizumbtirt, 287 
tfpicdit t 289 
SchmxTtaitit jSS 
fihsst, 189 

SekixQphoria rtSHptnoidet, 304 
ScAocnaMer t 634 
Sehuchm, C.. 29^. 300 
Sc.h UcfuTldiid, 312 
StkucktrttKfrXi, 423 

mik<fStfcmr t 4 23, 4^5 
iatvamjc. 423, 4*$ 

ScJtwagerrMa. 6£ 
diverstformij, 69 
Sderaciinida. 193 
clussihralioEi., ig£ 
ecology, 302 
geologic history 203 
insertion of mesenteries and septa, 194 
key, igy 
sepia, 196 
Scleritc, 656 
Sclcrubkst, lot 
Sdcrodermite, 19^ 

Stolceodoni, 222, 134 
StroUthiiii 220, 226, *34 
/jjacdm, 219 

Scofoptndra pctymorpha r 575 
Sdorpionlda, 532 
ScrobiculsTTg, 532 
Scrobiculc, 642 
Scntpateltsriil fcrupaia* 241 
Sculpture, allomorphic, 345 

of pcl«ypodi h 331 a cancellale, 333 ; 

333 i growth line, 333 i «rti clla « 333; 
iirai,, 333: node, 333; p^»«, 333; ridge, 
333; spine. 333 
frrfetfa beds. 653 
Srariutf. 556* 557, 55 ^ 

Scyphocrtmtctt 607 
Scypforaoa, 155 
Jcj^ocriira/, 619 
617 

Sea anemone, 193 


Sea apple, 634 
Sea cucumber, 656 
Sea-fan, 1S9 
Sea pen, 189 
Sea urchin, 634 
Srixsrgari& atrbGrmia, it 5 
Secondary branchiae, 404 
Stgtstria west*, 534 
Sclettizoncy 379 
Self-mutilation, 587 
Selvage, 546 
&epw> 470, 471 P 47“ 

Qffidrudu, 469 
Orbignyisna, 4S9 

Sep-nda, 4^8 
Sepium. 468 

Septal anatomy. cephalopoda, 413 
corals, rg 6 

Septal Wow, 70. 413 
Septal groove, 170 
Septal spine, 171 
Stptortm, 198 
svbrnrtiQiQ r 200 
Scptoporv, 26a 

259 

Septula, 74* 364 

Septum, of anthozoans, 170; alar, 

169; carinate, 171; comratingcnt. 171; 
counter, 169, counter-lateral, C74; di¬ 
lated, ijr; major, 171: miner, 171; 
perforate. 171; rhopaloid, 17I 
of cephalopoda 409, 412; free portion, 
4m. 41 y, mural portion, 410, 4 i 3 p 
septal foramen, 410, 413; septal neds, 

4 1& . 4 i 3 
of corals 158 

of fusulinufc, 70, 7*1 filled, 71 
of ^deractiniaru* ipS; denute, 196* fe- 
jintrait, 19&; laminar, 196; smooth* 
1 9^j ; structure, 196 
tooth of T 196 
Seraphim, 530 
Series, 22 

developmental, 
environmental, 28 
evolutionary, 34 
geographic, 26 
morphologic, 52 
stratigraphic, 22 
Serpufa, 124 

pervermiftirtnu* 225 
Scrp utiles, 226 
Seta, 2 rSj 280, 465 
St I hump flora, 92 

Shalt, 638 
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Shape, discoidal, 75 
fusiform, 75 
of brachiopods, agi, 293 
Khwagerine, 75 
of forirtiintfcrs* 6i 3 62+ 63 
SJmteccrw, 454 
behemoth, 432 
Shell marginp 374 
Shell structure of Mollusca^ 327 
foliated* 32S 
nacreous, 328 
pcrkuEraCUm, 327 
prismatic, 328 
Shoulder, 379 
SAum&rditfl, 443 
SituKa, 1355 136 
SideraOrea siderea, 199 
Sieve plate* 5H7 
Sigaloctraf* 457 
Sigmoid, (37, 138 
SilicifscataOll, 20 
5ilicofiagcllida ? 37 
Sinistra!, 371, 377 
Sinus of pccEenaids* 332 
Si 

branneri, So 

Siphogencrinoidfl, So, Si 
Ssphomtrm, 404 
flCTtftf, 402 
Siphons^, no 
Sip A o n ode rtirii vm . 363 
Siphonoglyph, 133 
Siphonophorida, 131, 13Z 
2S§ ± 2S& 

Siphons, of gastropods* 372 
of pdetypods, 335; e&halantp 334, 335; 
inhalant, 334* 335 
Siphimde* 4EO* 412, 430, 467 
Siphoncutai deposit, 414, 420 
Smithy 0 ' t 541 
Smiairsa trtspirtosa, 271 
SocH^inraphyUum § 1S4 
mirabiie, 1S5 
Socket, 2S3 
Sokn* 332 

SaltrtOCtrw rttrideL 4 S 2 
SauiasEcroida, 031 
Somite* 218, 4S4 
Sotvrrbyeila rugose, 313 
Spatangkl a, 653 
Sp&Apgn&Atif, 233 
commut&us, 233 
Spencer, W. K, p 631 
SphacracEtmoidi, 149 
SpAturagnvstm jimdaru, 507 


SpAaerocyssiiei, 596* 598 
multifasemtus, 593 
SpAatronitei, 394 
SpAenodistul, 460 
berehen* 461 
Spicules, mi, 103 

□f octoeorib, 169, T90 
of sponges* 105 
Spines apertural, 267 
of echinoids, 636, 638; imperforate* 641: 
miliary, 636; perforate, 641; primary, 
636, 638; secondary, 63S 
terminal, 267 
Spiracle, 600 
Spiralium* 296 
a thyroid, 306, 310 

aErypoid, 306 

metamorphosis and growth, 309 
spiriferoid, 306* 307 
Spire, 371 

Spinier, 28 r, 293, 307 

eenlfonatus, 3o§ 
inert htsetns* 308 
roc^y mania nui t 30S 
Spirlfcrkae, 307 

development of spiratia, 307, 309 
Spiriferina, 306 
Spitogtyphuf, 376, 377 
Spieopleanm m 1 na, 66 
miisitiippknstF, 67 
Spirorbis, 224, 225 
spirillum r aaj 
Spirothcts, to p 72 
Spiral*. 470, 4?'» 4T 6 
australis r 470 
tpimia, 470 

SpiruHrostra, 470, 471, 476 
Spiruirroftrina, 470, 476 
Spondylium, 297 
duplex, 297 
simplex* 297 
SpangiUa, 107 
laatitrif * 108 
purbec^cnw, rnS 
Spongin, 103 
Sporozoa, 93 
Sprmgtricrimts, 619 
dons, 617 
Squaimita, 165 
Sqaamulssriit perpiesa, 310 
Statoblait* 24 e* 245 
Sieganomorphp 267 
Strinkern, 17 
Siemmann, G r , 33S 
SEtlleroicU 630 
classification, 631 
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Stellcrcnd *—Continued 

geologic disuibiiLion, 034, 659 
irHsrpbology, 05 
SicrnKiplHiinai:c + 420 
St&wtcrtuU#* 93 
Suntor, 93 
Sten^cL, H- B., 12 

Stcphanotnnm, &03 
Sumxanw, 233 
Sternum, 650 
Stigma. f^/d crcmtfala, 257 
spin Hit, 253 
Siigniaturti, 531 
Stipe, 133, 135 
StomalopGra, 245 
dtlkaU*Ip r 347 

gtiiiitiiiifj, 247 

StamodareuTn, 123. 124. *57 
Stone canal* 587* 631 
Stormed L,. 530 
Strdhopf. 533 
thachcri, 522 
Sfjy nigrum. 50« 65® 

50 

Strapafyloqdsj 393 
Strapmoitu* 393 

393 

Stratigraphic admbtairei 336 
Stratigraphic leak, 10 
Stratigraphic range, ii 
Stratigraphy, a 
Strebfoc&ortdri*, 348" 
sc nipt tin, 350 
Strtbltu ktrttflrn, 82 
Strcptelasma. 179, 186 
ttifticunt a tyS 
Strepiocokimclla, 173 
Streptuneuran. 375 
StnngocrpJiduf* 3*7 
bartum, 3x8 
StrobHotyitit**, 50 
Slramtitopora, 145, M^i- c 49 
CQtiftntnta, 147 
SfiumaMfpomitfca. 144 
Stromtms aldrkAi, 395 
Si rowfrloccntratos, ^49 

^37 

StropAcodsmt** 3 I3 « 
J/rop^omenfl, 311 

$Uaumb<ma w 313 

Sirupbomenica^ 311 
Strophomenina. 311 
Slrnphomcnnid, 311 
Siumm, E, C** 186 
StylaJttr, a 31 
rfcnsitaulif, *30 


Sfylonurm. 528. S 2 9 
SiyfopoTtitt sport gilts, 271 
Subipkd pit, 

Sulmiargifii 35* . 

Subsurface techniques, 46 
SvMitet, 396 

rrguliirii, 397 , 

Smtinea o™j plfift&£ttttr& f 4 W 
Suffixes (-oii r ^rf) t *3 
Sulcus, 181 

Survival of the fitltsk 38 
Sutural diagrams, 433. 434 
Sutures, of cephilopods, 410: iunmoimic, 
40; asymmetrical* 434; ceraiiTvr t 
436; external 430, 433b 434i ftor 113111 - 
tie. 436; internal, 433* 434 
of foraminifers* 65 

of gastropoda 37 1 . - 

of irilnhiteSp 40; connective, 497, 40*; 
fadal. 4 »S> 489. 40 p 4975 l-ypwwm^ 
497, 40: marginal* 497* 40 S wa\^ 
498; opisthoparian, 40: proparian, 
40; rustral, 497* 40: terminology* 
497 

SyttfMt 102 

primitive. 100 
Sycoir, 114 
Sycauoid, 102 
Synapucula, 10 
Synbaxhocrinus denfatus, 610 

Syncoryne muiabilis, 

Synonym. 15 
Syntrophucae* 305 
Syntraphina cxlaftra, 305 
Syftvrt r 54, 35 

Syringaxon. 179 

17® 

Syringop&ra, 145, I *+ 

164 

Syringoporidae* 161 
Syttcmstks, 10 

Tabella. 173 

Tabula, of Aiuhoxra* * 5 % t ? 2 

of Ardiaeocyaiha, IlS 
of hydrocoraUina, 131 
of siromaloporoitls, 145, 10 
TabuUta, 159 
geologic history, 
key to Famitiet, t6o 
Tdbviipora c&ktmmi** 253 
Tuehyttisrna, 1S5 
ctongaium, 185 
Txertia, 2*5 

TarrltC'diayd sttbrtcta, 259 
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Ta/mjttiBH/, 624 
vt'iitm, 623 
Taka, 167 

£nr£znu, 55^ 56a 
Tangent Hal section, z$± 

Tarantula palmaig, 534 

Tarphyctraconc, 4*5, 416 

Jitrphydras, 414 

Taxoermida, 620 
TaxOcritttt1, 6 m 

t ft termed inf, 611 

Taxodont, 337 
TaXftiOntjda, 341 
Taxon, it 

standardized terminal ion*, tj 
Taxonomy, ro 
Tcctoritim, inner, 71 , 73 
outer, 71, 7a 
Tectum, ji f 7a 
Tegmen, 611 
Tfttina tenuis, 334 
Tclotntmatoli^ 333 
Telofremida* 302 
Telsnn, 531, 545, 537 
Tentacle?, of cephalgpods, 41a 
of eoeten (crates, 124, 125, *57 
of gastropods, 37** 374 
of sep i ids, 469 
reitfrwrtfftter. 40Q 
gyrmanthns, 401 
toittgaream, 401 
jtminformu, 401 
Ttn&ecsptrtfer cyrtintformii, JsjS 
Tentorium, 569 
TVrcydfJttr, 119 
Terebrn fungdoni, 397 
TtrcbrataU* abjaten a, 319 
jRj 

Terebrans I m a, 317 
development of loops, jtS f 319 
Teredo, 332, 357 
ttOfpefiffft, 359 
Tercdvlites t 357 

Ter gum, 557, 558 
Termcji* 367 
Terrace, 64a 
cxenubcc, 642 

Test, of cephalopoda 413, 430 
□f echinaidsj 635 

of fflrammlfefSj Go; agg]utiniitd p 61; 
arenaceous 61 ; calcareous* 6j- chiurt- 
cuif, 61; complex, fibrous, fit; 
granular, 6r; hyaline, 61; imperforate, 
6t; mcgalospheric, 63; mirjospberk, 
Gj; perforate, 61; pgrcccllaueous, 61; 

siliceous, Gi 


Tcsracida, 59 

Tetrafidarif, G39, £41, 647 

Tete&rtiat t 558* 559 
Teiraeoralfa, 166 
Tetramjtdlida, 107 
Tetenryitii fmestratw, 595 
Tetrad idac. 16 1 
Teteaditrm, 161, 350 
fibrvutm, 16a 

Tetmgraplas, 139, I4O, 141, 143 

Ten-axon, 105 
Tcuthida, 471 
Textulari*, 6z, 66 
di&oUetim, 67 
Thamuastracoid, 168 
Theca, 195 
of amhozoans, 158 
of graptolites* 134 
of hydraids, 127 
Tkeeaipm i, 311 
Thiele, J*, 391 
Thomas, H D-, 268 
T/iamcopora, 266, 267 
Thorax, 484, 488, 56E 
Thwarw argentes, 128, 143 
TWrcAiiru.^ 644 
Tint timid, 93 

93 

J r jj'a?TO/rirtO/jff 1 i J 362 

Totypommina termom. 66 

TQrnoetrw, 440 
uaiangulare, 441 
Tooth, of brarhtDpods, 283 
of pdecypodjj 336, 337 
Torsion, 373, 374 

Trabecula* 196; compound, lg£; simple, 
196 

Trachea, 464, 520 
TraeAwerat, 447 
Trachyleberis SCabrotunod^ 346 
Traehylkia* 131, 132 
Tracks, 21 
Trails, 11 

Transverse section, 252 
Trema, 380 

T rentddirtyon, 114 
reticulata, 113 
Tremaiich. 54, 5? 

Tr£-m 4 iJ , cf^oJtiJ, 286 
iniignu, 289 
Trepostod/nida* 247, 249 
external features, af 1 
morphology, 253 
regeneration, 254 
thill sections, *52 
Triaeoc, 1015 


INDEX 


69 9 


Trterthtu &&& 499. SOU 505 
Triaxon, tc *4 

TnccpkafQpftQrdt atffl* 269 
TerVA/W/a, 216 
Triralpapora, 167 
TnVdma, 331 

T'njfOffArJrivra, 9* 

Ttigonia, 333. 357 
lAtfrdftVd, 358 
Trigonioids, 357 

271 

Trilot*] rae, 489 
adaptations* 516 
anatomy. 501 
appendages, 499 
cephalocip 4E9 
dasdiicaTkiiip 504 

493, 494 

geologic history, 519 
licy p $04 
larvae h 502 
pygldium. 49 2 
ttirmres, 496, 497 
terminology, 488 
thorax* 491 
Tri/octf/ma. 76* 78 
ichmbtruwa, 77 
m^iTu/a f 77 
Trtmrrtstti, 286, 297 

o^jpjr.^JTJ, 287 
TiiWittcrWi 424 

Trimerw* 515 
Stiph in occp hdw, 517 
Trin ucleui, 511 
TripfrsU OTteni, 184. ^95 
T npioph yUttoJ, 179 
add, 178 
fenfctilaiui. 178 
fpinnhfus, 178 
Trtfkitet. 75 
Triton c^rrugatM, 3S2 
Trochcltnintiics, 216 
Trochiform, 376, 377 
TrocSoeeraconCp 4i$» 4*7 
TrochoerraSt 417 
TrOchctyathnS, l£9 
fiittufitifarmil. 200 
Trochoid* 394 
TrvehoUtrt ammonius, 411 
Troekospkaem, 217 
Trochunu pMyidtlmntidr*. 5?4 
TrVaSSOcTiritti* 604 
rcfnwprdli, 603 
Tropid&leptul cnntotitUf, 304 
Trop*gz*intos, 447 
JrajdtiHJ. +^s 


TtybHSstm. 38*, 390 
rsiieulatitm, 1&9 

Tube f«t* fi 3 r 
TwMWto/^rjr, 226 
Tubercle* 642 
Tubirolida* 224 
Tf^ipord* 189, 190 
TubmeUaria punaulotoi 171 
Tunnel, 70 
accessory. 74 
angle. 7&* 71 
TifrbiniJffP, 200 

pe/jjJjtf, 201 

Tiirbiniform, 376, 377 
Tw^o/Aa* *99 
pbantrvt 200 

TwA? f^roiflWWp 3 ®J- 
Tworud consmtia, 109 
Torri Form* 376, 377 
Tmrrifcpaf. 658, 660 
ftrighti, 658 

Tmrilitetp 4*4> 457 

jys/eflu/f Jw, 452 
Tnmre//a r 383, 3§6p 387* 397 
ufahiimensis, 397 

artmeoid, 397 
brodtripiana, 386 
buwjiiljttd, 386 
fr&&pcria< 386 

397 

ttwrtow, 397 
397 

jnff/rm^jOFTi, 397 
irtiim, 397 
ut'Oivw, 386 
Turn tel bid* 394 
Tust-ihellp 3&3 
Type sped mens* 16 
Tyr^ii/ii, 571 

445 

Sthffcherti, 444 
UitU&nnui, 626 
sbcidil, 625 
Ulrich, E, 0- f 2 
Uirkhia btiiiherrrutafj, 546 
Umbilical scam* 430* 433* 434 
Umbilical shoulder* 430, 434 
Umbilicus* 378, 4*7 
depth* 430 
width, 430 
Umbo* 282 

UncinnSus it-bmptni t 299 
Unfo r 362 
Mtipikatiif. 361 
end lie hi* 361 
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Uptrorrm ftt, $24 
naihmtlaCr 623 
Urechit, 220, 226 
dtttpo, 2191 217 
Uropod, 562 
Uro/a/piftf, 396 

n’flfrfH;, 397 

U/mn43 J 447 
o&ddenmit, 449 
Utr lycGftoidfJi 100 
Uvigerwa, 81 

Aug he si, So 
pcrcgrtfux, 8o 

Vuginella chipolana f 401 

Valves, of brachtapods l brachial, 281, 283; 
ccmposi t tr-n, ifb; length, 281; podkle, 
281, 283 p 293; thickness, 281; width, 

281 ^ ;,**** 

of ostracodcs, 547 

of pelecypodi, 333; beak, 333* 33 d, 352 j 
convexity, 333; eqtiikixralp 333; gape, 
331 1 height, 333 ^ inequilateral, 3335 
length, 333; margin, 333; rmdlinc, 
333; opisthogyre, 333^ orthogyre, 333; 
prosogyrCp 333: umbo, 333, 336, 3^ 

Fa/tWinmfl, 8l p 91 
California 82 
Vaqucr&StiU, 653 
nJrmdflfl , 652 . 

Variation, 36 
definite 36 
indefinite, 36 
VatKuriB, 468 
Veklla, 131 

VrffamQ trentonentii, 302 
Velum, 07 
Vrflfflffor ifcjT-Fato, 346 
Veneroidp 356 
Venter, 408, 412, 430 
Ventral shield, 489 
Ventricle, 33* 372, 374 
l/tfjsmttf/frer, 114 
gracitis, 113 

K»«i 337 , 55 * 

rnrrcrrffir/a, 336 
Venus' flower basket* ill 
74 

heimt, 73 
Vermes-, 214 
Vermiform, 376, 377 
Vcrrill, A. EL, 634 
Verruca, 561 
pusiifo, 560 

Varu€uhna f no 


Versluys, T., 575 
Vertebral ossicle*, 6 32, 633 
Vertebrate paleontology^ 1 
Vertigo tocstcniis. 402 
Vestibule, i6o + 546,, 548 
Vibrato turn, 243 
Vilie&ntrtdrter. 631 
iharaii, 632 
Vintfla, 
repent 249 
Virgub, 139 
Visceral ganglion, 334 
Viripaevs* 39 6 
interUjtaS, 383 
ruyrf oidsan nr, 398 
Vollzia, 4 69 
Volmion, 371 

VohuU iota var. poSuXeaUa, 399 
■ Vorticctta, 93 1 217 

[ViUgenOrmit. 445 
gtusdixhipenm, 442 
WaagenoconcAa mantpelserefttis, 315 

WaiShftmia, 299 
fiamtenf, 1S3 
Wall, frontal, 2^3 
of balanids, 55S 
‘ of central Capsule, 48 

of fusulinids, 71; fusulmeltid, 72, 75; 
profusulmdtid, 72, 73J dfdiwagffioid, 
7 ** 75 

tertiary frontal, 267 
Water ring, 586 

Water vascular system, 583* 585 
Wede^indeilina matura, 73 
Whitchousc, F. W. + 588 
WktifkidcU* naids, 310 
Whorl, 371 
hdght n 430 
section, 417 

Wiwa.Yia corrugata, 219 

Worms, 214 

W or then op ora spirt osa t 259 

Xertafpif carbon aria,. 446 
XenacyatheUus ihcrifordcns:*, 184 
Xcnodticm, 447 
wwgem M 44 ® 

Xipho&urida, 513 

Yabeina^ 73 
Yotdm, 342 

JOrOr, 342 

‘L&canthoides^ 490 
idiihoensu, 509 

Zaphremhids, 178 
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T.dph rtnikiS, 179 
Tapkrmtitti dtfanouri 
evolution, 175 
Urphsev, 332 
Zoanthid?* 191 
Z Qdrtthuf, 192 
Zoarium. 239 
Zonc$ r *9 
abyssa], z 3 i 29 
bathyatp 2 , 3 , 29 
Ditccrhii, $o r 3^ 83 P 
Hctcrasiefi*. M, 3 c p 3 1 
littoral* 28, 29 


group, 174 


89 

, W, 85 


Zone S— Car) I in ftfd 
Marfiinvlina, 30, 31 
Nonionelta cxiffiddeTTSU, 22, S9 
OlrncUtii. 22 
iublitmr^S, agp 29 
Zoocoum^ 239, 

Zoogeography, 26 
Zooirf, 239 
Zoology, 1 
Zoophyte, 101 
Zooxamhelk, 2di 
Zvgwpira, 307, 3 « 9 d 3 30 
rffO&tfc, 295, 3 * 8 ? 3*9 
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